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With advances in composite technology and an understanding of composite application, 
requirements to develop new design approaches exist. With composite structures today, a 
basic understanding that both material architecture and joining process, affect the strength 
of the structure. These design requirements force old techniques of joining, such as 
bolting and riveting to be re-evaluated. 
Advantages of adhesives over mechanical means of fastening include higher stiffnesses, 
more uniform load distribution, parts consolidation, no holes drilled in adherends (with 
resulting stress concentrations), and, generally, less labor. 
Adhesives have proven to be a good solution for joining when composites are utilized, 
but this necessitates the next step in engineering, which is to quantify adhesive properties. 
By quantifying bulk properties for adhesives at varying conditions, application for 
adhesives is promoted. 
The following study attempts to implement testing techniques for qualification of the use 
of adhesives in hybrid connections on naval hulls. 
E-glasdvinyl ester composite specimens adhesively bonded to aluminum specimens were 
tested. The three varieties of specimens tested were: single lap tensile shear specimens, 
double lap tensile shear specimens, and single flexure specimens. These geometries 
where chosen because they closely resemble applications currently explored in the 
AHFID and MACH projects. Instrumentation was used to collect displacement and load 
data. Some samples where exposed to environmental conditions to determine the 
performance of the adhesive when exposed to moisture. Increased residual stresses due to 
moisture absorption are ignored in this study. 
The data was then used to characterize the performance of the adhesive for varying 
bondline thickness and varying surface preparations. The results indicate that the grit 
blasted surface preparation technique had a marked effect on the strength of the bond. 
The bondline thickness markedly affected the ultimate load capacity of the joint. Modes 
of failures where characterized in an attempt to determine cause of failure. 
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1. Introduction 
Adhesively bonded connections comprise a significant class of joining methodologies, 
which can be used when attachment of composite to metal structure is required. 
Oftentimes an adhesive joint is the method of choice when compared to mechanically 
fastened alternatives such as bolting. Careful attention to detail must be paid in use of 
adhesives for structural connections, especially when dissimilar materials are to be 
attached. Not only is proper adhesive selection critical but also proper techniques in 
application of the adhesive must be carried out. There are many issues to consider when 
selecting an adhesive joint for a structural component. The focus of this thesis is to 
address some of the major concerns of using adhesive joints in underwater naval ship 
applications. 
A ship is a heavily loaded dynamic structure and mitigation of structural failures is 
essential. Structural failures are typically caused by fatigue, corrosion enhanced fatigue, 
or abnormal overloading, and typically result in a requirement for routine maintenance or 
major overhaul, depending on the severity of the damage. More often than not, structural 
failures occur at connections and interfaces, and rarely occur in the bulk material 
sections. Standard testing of material coupons cannot represent these failure modes; 
therefore it is impossible to ascertain the durability of the ship and its connections fiom 
simple material test alone. One must perform a thorough investigation into the 
mechanics of the connections and interfaces of the vessel, because this is where failures 
typically initiate. Furthermore, loads acting upon ships over their lifetime are difficult to 
predict. A proper assessment of the structural safety of a ship is dependent upon the 
proper quantification of the loads and upon proper assessment of the integrity and 
durability of the connections and interfaces. 
One of the primary goals of a ship designer is to minimize cost and weight. 
Significant savings in structural weight can be achieved by using composite materials. It 
has been shown that composites are structurally an optimum design solution in cases 
where minimal weight and high stiffness are required. However, robust connection 
methodologies and issues surrounding the manufacturing of the composite/metal 
interfaces have stood in the way of more widespread use of composite construction for 
underwater hulls and other structural components, especially in Naval vessels. One area 
where much research is needed is on adhesively bonded interfaces between composites 
and metals such as steel and aluminum. 
The U.S. Navy currently has an objective to develop advanced hull-forms to enhance 
the fbture naval capabilities. One of the primary cost drivers in developing advanced 
hull-forms with conventional techniques is in the metal forming of complex shapes. 
Composite materials offer a solution due to their inherent ability to perform complex 
shaping at relatively little incremental cost compared to flat panels. Navy ships are large, 
complex structures with large amounts of material used in their hulls. For this reason, 
relatively inexpensive fiberglass reinforced polymer (GRP) composite systems using a 
vacuum assisted resin transfer molding (VARTM) process, are currently endorsed by the 
Navy. In order to be efficient, the structure of the hull-form must be lightweight and stiff 
to resist the loads and to maintain its shape. It also must be fatigue, impact and shock 
resistant. 
Unfortunately there have been difficulties in the implementation of composite 
construction as a wide spread solution on the underwater hulls of Navy surface ships. To 
address some of these research needs, the University of Maine has recently been involved 
in two major research efforts focusing upon connections of composites to metal 
structures. The Advanced Hull form Inshore Demonstrator (AHFID) program is a 
program with a goal of installing an advanced drive system on the SES 200 ship. One of 
the proposed methods of attaching this advanced drive to the ship is by using composite 
struts. The Modular Advanced Composite Hullform (MACH) is another program with a 
goal of installing hybrid composite panels to underwater lifting bodies. In addressing the 
question of using adhesives for hybrid connectors, the University of Maine initiated an 
adhesive study in an effort to provide adhesive data for the (AHFID) program and the 
(MACH) programs. 
1.1 Objectives 
The long-term goal of this research effort is to develop and demonstrate adhesive 
bonded hybrid connection approaches and evaluation methodologies for adhesives to be 
used in a structural capacity on advanced hull-form structures. The immediate goal that 
will be met in this thesis is to implement robust techniques for evaluation of the use of 
adhesives in hybrid connections on naval ship hulls. This project will focus on adhesive 
joints between composites to metallic structures. 
A large percentage of the adhesive bonding research to date has focused on ASTM 
standard testing of adhesives in order to support the aircraft industry where bondlines are 
typically less than 0.060". Adhesives in the marine industry represent a different set of 
criteria compared to the aerospace industry. By producing a large database of known 
adhesives, giving their properties specific to the marine environment, will help naval 
architects, designers, and ship engineers apply adhesive technology to the marine 
environment. This study is designed to populate a database with information regarding 
bondlines greater than 0.060" for the marine community. 
The specific near term objectives of this study are as follows: 
1. Provide baseline mechanical properties data that will guide adhesive selection for 
both the MACH and AHFID programs, 
2. Quantify strength and stifhess of the adhesive for composite / metal connections, 
3. Quantify the effect of the swface preparation, 
4. Quantify the effect of bondline thickness, 
5. Quantify the effect of the environmental conditions, and 
6. Quantify the effect of various connection geometries. 
Adhesives were tested in this study at a sub-component level under loads of shear and 
flexure. Geometry for the test included both single lap and double lap specimens. 
1.2 Scope of Work 
A scope of work outline was constructed to meet requirements set forth and stated in 
the objective section of this document. This work started with a literature review that is 
described in Section 1.3 of this document. This review provided details into current 
technology positions within the industry for adhesives. After completing the literature 
review a plan was outlined. This plan allowed for adhesive properties such as strength, 
surface preparation, bondline thickness, environmental conditions, and connection 
geometry to be studied. Section 2 of this document describes the geometry selected for 
testing the adhesives and the materials used. In order to understand and predict failure 
mechanisms of the adhesives during the testing, finite element analysis was also 
performed. This information is also presented in Section 2. 
A procedure was written to construct adhesive coupons and to perform tests, in order 
to limit errors in test results. Section 2.5 of this document outlines procedure for testing. 
Results were collected electronically to allow accurate determination of specific adhesive 
properties. A summary of the test results are presented in Section 3 along with a 
comparisons of adhesive strength, stiffness, failure modes and environmental 
performance. Section 4 provides a summary, conclusion, and recommendations as to 
which adhesives are better suited for use in hybrid connections subjected to a marine 
environment. 
1.3 Literature Review 
The following review is intended to provide insight into earlier work in the area of the 
behavior of adhesive joints, and more specifically studies involving hybrid joints. Much 
of the literature dealing with joining of metals and composites with adhesives 
concentrates on investigating the bond strength for relatively thin bondlines. Particular 
areas of concentration for these investigations deal with such topics as: surface 
preparation, joint configuration, adhesive properties, environmental conditions, and test 
methods. These areas of investigation are of particular interest to this study. 
Volkersen [I9381 was considered one of the firsts to model single-lap adhesively 
bonded joints. Volkersen determined from his models that shear transfer of the axial 
stresses in the adherends resulted in what he termed as "shear lag". Goland and Reissner 
[I9441 conducted further research with single-lap adhesive bonds. Their research 
provided insight into the effects of peel stresses on the strength of adhesively bonded 
joints and the consequences of bending deflections of the joint due to load path 
eccentricity. Guess and Gerstle [1977] made further steps in the development of 
analytical models in the 1970s when they compared different test methods both 
experimentally and analytically. Hart-Smith [I9731 began modeling the behavior of the 
single lap joint based on Volkersen's methods. In 1975, Oplinger [I9751 organized most 
publications on bonded joints. 
1.3.1 Effects of Surface Preparations 
Surface preparation should be considered one of the most critical steps when bonding 
with adhesives, especially with aluminum. Surface preparation must be tailored to the 
adherend and may differ for various metal or composites. Aluminum, for instance is in 
itself very resistant to corrosion since on exposure a thin film of oxide forms which 
protects the base metal fiom further corrosion. This thin oxide film is where the problem 
exists when bonding to aluminum. Surface treatments prior to the applications of coatings 
or adhesives is recommended in order to achieve maximum mechanical strength. 
According to Molitor, et al. [2000] bond strengths can be significantly improved by 
surface treating the adherends prior to bonding. Traditional methods of surface treatment 
such as grit blasting, mechanical abrasion, and acid etching have been used with good 
success. These surface treatments cause changes in surface tension, surface roughness, 
and surface chemistry, which in turn aEect bond strength. 
Because chemical surface treatment is expensive and toxic waste is generated, 
mechanical abrasion is a very good first alternative to consider. It is commonly observed 
that roughening surfaces prior to bonding enhances the strength of adhesive joints, and 
many manufacturers specifj) the use of some form of abrasion as a surface treatment 
method. This recommendation is based on the perception that the abrasive process 
removes loose contaminated layers and the roughened surface provides some degree of 
mechanical interlocking with the adhesive. It is sometimes argued Possart et al. [2002] 
that the increased roughness also forms a larger effective surface area for the bond. 
Kinloch [I9871 supports the mechanical treatment techniques and emphasizes the 
necessity of degreasing the surface prior to bonding. Comyn [I9971 also suggests that grit 
blasting along with degreasing or solvent cleaning will achieve good strength in dry 
conditions. 
The reason that surface preparation of metals is so important is due to the oxidization 
build up that occurs with metals. This is especially important with metals such as 
aluminum and titanium. Lee [I9911 states that aluminum and titanium quickly form 
coherent, adherent oxides, which make it difficult to achieve good adhesion. As stated by 
Grenestedt and Melograna [2002] "no treatment has been as widely adopted or shown to 
be superior to grit blasting" 
Although mechanical abrasion is not as efficient as grit blasting, it is a technique that 
applies mechanical means to remove the oxides and impurities on the adherend's surface. 
As with grit blasting, mechanical abrasion has been demonstrated to provide a highly 
rough surface for bonding. Bishopp and Sim [I9881 states that with mechanical abrasion 
there is the possibility that residual debris will be embedded into the adherend and that 
mechanical damage to the adherend could occur which could be detrimental to bonding. 
This consideration should be realized when applying mechanical abrasion processes for 
surface preparation of adherends. Studies have been done to quantify joint properties 
when mechanical abrasions surface preparation was utilized. Schultz et al. 119891 
performed experiments using emery cloth to treat the surface of the adherends. 
The acid etching process, although not as popular as grit blasting is an efficient 
technique for removing oxides and impurities on the surface of metals. This process of 
chemically treating the surface of metals was developed as a preparation for painting and 
spot-welding in the 1930's, but was soon adopted for treatment of adherends being 
bonded. 
Today there are a range of acid etch processes that exist. Some of the more successfU1 
processes include phosphoric acid etching and chromic acid etching. 
There are several patented systems employing the phosphate principle, which include the 
proper cleaning followed by chemical treatment. Crystalline phosphate treatment is one 
type of phosphate treatment. The crystalline phosphate solution consists of phosphoric 
acid and metal phosphates, which react with and deposit complex crystals on the metal 
surface. The crystalline process produces a somewhat porous surface, which is excellent 
as a paint base, giving improved adhesion, corrosion, and corrosion creep resistance. 
Another type of phosphate treatment is the amorphous type of treatment. The amorphous 
types are used in much the same way as the crystalline types. The major advantages of 
amorphous types of etching are that they are generally lower in cost. The amorphous 
chemical treatments are recommended for use both with and without the final chromic 
acid rinse when treating aluminum. Chromic acid etching became popular as a result of 
work by Eickner and Schowalter [1950]. Their work supported the US aircraft industry 
by reporting bond strength when surface treating with a dichromate solution. For best 
results, the chromic acid rinse is desirable since it has been proved that where the final 
rinse is neutral (clean water), the resistance to corrosion is much lower. In fact, under 
certain conditions, a cleaning cycle with a chromic acid rinse is preferable to using a 
cleaning-phosphate cycle without the final acid rinse. The final rinse in any system 
should never be alkaline. Preferably, it should be acidified with chromic or chromic- 
phosphoric acid. 
With greater emphasis on environmental firiendly chemicals, there is a push to find 
better ways to promote bonding to metals. The phosphoric and chromic treatments, 
although very effective, produce toxic residue. Silane treatment of metals is a relatively 
new chemical process that seems to be producing good results. These "silane" chemicals 
are hybrid organic-inorganic compounds that can be used as coupling agents across the 
organic-inorganic interface. 
These silane coatings have been shown to be an effective replacement for phosphating 
(including final chromate rinse) pretreatments of metals. The performance of these 
silanes on metals has been shown to outperform the current phosphating pretreatments. 
Ooij and Sundararajan [2000] have performed research in this area specific to bonding 
6061-T6 aluminum. Gupta [2002] has looked at bonding to steels. His results relative to 
environmental exposure are shown in Section 1.3.5 of this document. 
Surface preparation is not a requirement just for metallic adherents. There is also a 
need to surface treat composites. This is especially important for secondary bonding to 
composites. Surfaces of composite materials have a high variability of texture, but they 
need to be prepared for bonding. Such techniques as sanding and grit blasting are harsh 
techniques that cause erosion. At present research is experimenting with the use of ion 
bombardment techniques to treat the surface of composites such as graphitelepoxy. It is 
anticipated that the ultimate failure load will increase when using ion bombardment 
compared to traditional methods of surface treatment. 
1.3.2 Effect of Joint Configuration 
Joint configuration, unlike surface preparation, is usually a product of design. 
According to Adarns and Wake [I9841 if adhesive properties are understood, "Adhesive 
bonding is attractive as it reduces the localized stresses encountered when using bolts." 
Tong [I9971 states that when designing composite to metallic adhesive joints, the layered 
nature of composite adherends and relative weakness in the through-the-thickness 
direction, makes the failure mechanism more complex. It is safe to conclude that due to 
these uncertainties in joint strength many designers use higher safety margins to account 
for these uncertainties. Because this is usually the case, many books have been written to 
aid in joint selection. Bonanni et al. [2000] developed a process for joint selection in 
marine composites. Although the design requirements of the aircraft industry can be 
different from the design requirements of the marine industry, it is possible to extract 
valuable lessons about what to do and what not to do when bonding a composite metallic 
structure. Hart-Smith [I9871 provides many recommendations for the design and analysis 
of adhesive joints in fibrous composite structures specific to the aircraft industry. These 
recommendations are good lessons learned if applied correctly, to the marine industry. 
Besides conservative engineering and sharing of best practices in design, some 
investments have been made in the area of stress analysis computer codes for bonded 
joints. To mention a few, closed-form analytical solutions of adhesively bonded joints 
were obtained by Delale et al. [1980], Groth [1986], Liu [1976], Pahoja [I9721 and 
Srinivas [1975]. Adams and Peppiatt [1974], Amijima et al. [1989], Roy and Reddy 
[1984], Sable and Sharifi [1991], Hurnpherys and Herakovich [1977], Barthelemy et al. 
[ 19841, and Barker and Hatt [I9731 all performed finite element based analysis of bonded 
joints to compare to the close-form analytical solutions. Finite element analysis has been 
used successfhlly to investigate adhesive bonded joints. According to MIL-HDBK-17 
[1997], there are serious pitfalls, which the analyst must be aware of to avoid problems. 
The biggest is mesh refinement specifically around ends of the overlap. According to 
Stroud et al. [2001] geometrically nonlinear analyses are essential for accurately 
predicting the response of the single lap shear join and its fracture failure mode. 
Rastogi et al. [I9971 looked at the codes that existed for joint analysis used in the 
aerospace industry. Codes such as: JOINT, JTSDL 1 JTSTP, BOND3 1 BOND4, BONJO 
I Series, MOSAIC, A4E1, AND PGLUE were designed by military entities. They 
explored the capabilities and limitations of codes in an effort to develop life prediction 
methodologies for composite joints. 
1.3.3 Effects of Bondline Thickness 
According to Bonanni et al. [2000], adhesive properties may not stay constant as 
bondline thickness is increased. Sometimes the adhesive strength degrades if the bondline 
thickness is too great. Thicker bondlines may create a more severe stress state. As stated 
by Bonanni et al. [2000] the ratio of adhesive shear modulus to bondline thickness 
controls the joint response. Increasing the thickness tends to reduce the peak stress, and 
spreads the load transfer over a longer distance. In addition, a thick bondline may 
exaggerate the peel stress distribution. Slight variation in joint design can also vary the 
peel stresses. According to MIL-HDBK- 1 7- 1 E [ 19971 double overlap specimens reduce 
the peel stress when comparing to single lap shear specimens. Also reducing the bondline 
thickness reduces the peel stresses setup by joint geometry. To understand how an 
adhesive performs at thicknesses other than those recommended by the manufacturer, 
computer modeling and testing should be performed to verify stress distributions and 
adhesive properties. 
1.3.4 Adhesive Selection 
To achieve a good bond, you must first start with a good adhesive but adhesive 
selection includes many factors. Before an adhesive can be specified for an application, 
screening tests should be conducted in order to compare and evaluate the various 
adhesion parameters. This is especially true for structural adhesives where failures during 
actual use can have devastating consequences. Properties of adhesives can vary greatly; 
therefore appropriate selection is essential to a proper joint design. Many companies 
within the industry have produced charts, which help in the selection process. Figure 1 
shows a chart that has been designed by Loctite to help select a bonding adhesive. The 
chart is intended to serve as a general guideline to help determine which adhesive 
categories are best suited for a specific application. The data presented represents typical 
properties for each adhesive category; however, individual product properties may differ. 
This chart should not be used to specify adhesives without specific testing. 
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Figure 1 - Adhesive Selection Guide [Loctite] 
(http://www.loctite.com/pd£7bondingguide.pdf) 
1.3.5 Environmental Factors 
As stated by Vodicka [1997], "There are many environmental factors, which can 
create changes in the properties of an adhesively bonded joint, which in turn can affect 
the ultimate mechanical performance." These factors need to be carehlly identified and 
related to the type of service the material will see. Moisture absorption is one such factor, 
which is an obvious concern in the marine environment. With absorption of water, 
reductions in mechanical properties occur. Gupta [2002] quantified the effect of humidity 
(moisture) on interface fracture energy of a joint comprised of steel to E-glass epoxy as 
shown in Figure 2. He compared the durability of joints with and without silane surface 
preparation and found the use of silane to be beneficial when the long-term response is 
considered. 
-+- Humidity Exposure: 50°c, RH>90% 
(without Silane) 
800 loo0i --JL-~~- Humidity Exposure: 50°c, RH>90% (with Silane) 
Time (days) 
Figure 2- Surface Treating in a Humid Environment [Gupta 2002) 
Moisture is also of concern in bonding to aluminum. Brewis et al. [1990] supported 
this research by showing that there exists a critical relative humidity for a given joint, and 
if the environment exceeds this relative humidity that joint strength declines. Comyn 
[I9831 also supported this research by discussing the various mechanisms by which water 
enters the joint, and by which the joint can be weakened. He stated that the presence of 
moisture at the interface could cause swelling stresses, hydrolysis and cracking or crazing 
of the adhesive, plasticization of the adhesive, and hydration of the metal or metal oxide. 
In order to alleviate failure due to degradation by moisture, it is important to acquire an 
understanding of these mechanisms so that appropriate measures can be taken into 
account, so that a stable joint will result in the given environment. 
Moisture related property degradation of adhesive joints should be accounted for 
during the joint design process and adhesive selection, in a manner consistent with its 
incorporation in the design of the overall structure. Stoud and Krishnamurthy [2001], in 
doing so used both probabilistic and deterministic methods can be used to account for 
uncertainties in design. Hayer[1998] showed the mechanics involved with moisture 
absorption. Hayer [I9981 showed that for graphite-reinforced composite with moisture 
weight gains of as little as 3-4%, that principle internal stress could approach 60 MPa. 
1.3.6 Testing Method and Standards 
Currently there are many American Society of Testing and Material Standards, which 
have been written to analyze and experimentally verify adhesive properties. These ASTM 
Standards provide a basis for testing. Specific to epoxy adhesives, ASTM D64121D 
64 12M provides direction as to the other standards that should be referenced when 
bonding to metallic and nonmetallic materials. 
The most widely used adhesive-bond test specimen is the one-half inch single overlap 
tension test. [ASTM D 10021. Figure 3 shows the dimensions of the specimen. 
Figure 3 - ASTM D 1002 Test Specimen Profile [ASTM 10021 
The failure mode of the single overlap joint is rarely controlled by the shear strength 
of the adhesive but is largely the result of joint deflections and rotations and induced peel 
stresses. As you can see in Figure 4, testing following guidelines in ASTM Dl002 causes 
rotations at the overlap. Because of this rotation, data from single overlap tension test 
specimen cannot be used to obtain adhesive shear design data but are often used for 
screening tests to compare several adhesive systems and the effects of the environment 
on the adhesive properties in the selection process of the adhesive. 
Figure 4 - ASTM D 1002 Under Load [ASTM 10021 
From ASTM 1002, the average shear strength is given as: 
zm = P/bl 
Where zm is the average shear strength, P is the applied load, and b & 1 are the joint width 
and length respectively. Liechti et al. [I9871 stated that lap shear testing is the most 
widely used test to characterize relative strength properties of an adhesive. The reason 
that this joint configuration is used is because it is simple to construct. Liechti et al. 
[I9871 emphasized that single lap strength testing should only be used for relative 
comparisons. Once the material has been evaluated with this initial test, subsequent 
testing methodology can be designed with respect to the proposed use. In this case the 
proposed test would require testing metal to composite bonds. 
ASTM D 3 165 is another standard, which provides insight into the testing of 
adhesives in shear by tension loading of single lap joint laminate assemblies. Figure 5 
shows the geometry associated with this test. 
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Figure 5 - ASTM D 31 65 Test Specimen Profile [ASTM 31 651 
Just like in ASTM D 1002 there are rotations induced at the overlap. This test also 
induces high peel stresses that can cause premature failure. 
To limit rotations at the overlap, thick adherends need to be used. ASTM D 5656 
supports these criteria. As shown in Figure 6 the geometry helps reduce the rotation at the 
joint. Figure 7 shows an ASTM D 5656 joint under a load. The rotation is not as severe as 
in ASTM Dl002 or D3165 the other tests. ASTM D 5656 is a test method that covers 
preparation and testing of thick-adherend lap-shear samples for the determination of the 
stress-strain behavior of adhesives. 
Figure 6 - ASTM D 5656 Test Specimen Profile [ASTM 56561 
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Figure 7 - Test Specimen Deformation - Loaded [ASTM D56561 
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ASTM D 3528 is used for double lap shear adhesive joints by tension loading. In this 
specification the recommendations for aluminum to use is a 2024 T3 alloy. The 
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thicknesses specified are 0.064" and 0.125" respectively. Although these tests utilize a 
particular type of aluminum, testing with actual materials should be performed to ensure 
correct application. Tests should also be tailored to ensure that the adhesive is tested in 
conditions, which will closely replicate actual conditions. 
ASTM standards also provide some information as to surface treatments. Particularly, 
ASTM D 265 1 gives an overall summary of most chemical surface treatments currently 
used. As stated in ASTM 265 1, " Procedures for aluminum alloys are well standardized, 
possibly because more bonding has been done with these alloys. Preliminary tests should 
be conducted with the specific adhesive and the exact lot of metal to determine 
performance." Although chemical surface treatment is becoming popular, it is 
recommended by this ASTM that surfaces, which are scaled, corroded, or otherwise 
oxidized, should be abraded using a nonmetallic abrasive. This process will promote the 
chemical surface treatment. Care should be exercised in using the mechanical methods to 
prevent deep gouges or rough surfaces, which are not conducive to good bonding. 
ASTM D5229 and D 1 15 1 deal with moisture absorption properties and equilibrium 
conditioning. ASTM D5229 states, "worst case aircraft service water vapor environment 
is generally considered 85% relative humidity." For the marine environment this level of 
exposure is usually much higher, with the potential of full immersion in water. For 
accelerated conditioning it is possible to expose the samples to 95 - 98% relative 
humidity for a period of time. Elevated temperatures will also promote bond degradation 
due to moisture. It was noted that exposure to liquids immersion is not generally 
equivalent to exposure to an environment of 100% relative humidity. ASTM standards 
also help quantify the physical properties of adhesives. 
ASTM D 1338-99 provides a procedure to determine the working life of a liquid or paste 
adhesive by consistency and bond strength. Working life is particularly important when 
utilizing adhesives in a shipyard environment. Insuficient working life can cause 
inadequate bonding during installation of bonded structures. 
1.3.7 Failure Modes 
Failure modes are determined by the quality of bond at each interface, specimen 
geometry, and loading. In order to gain a full understanding of the properties of the 
adhesive and the joint being investigated, the modes of failure must be characterized. In 
adhesives, there are three typical characterized modes of failure. These failure modes are: 
cohesive failure, adhesive failure, or substrate failure. These modes are defined as 
follows: 
1. Cohesive failure is a failure of the adhesive itself. 
2. Adhesive failure is a failure of the joint at the adhesiveladherend interface. This is 
typically caused by inadequate surface preparation, chemically and/or 
mechanically. Specimens that fail adhesively tend to have excessive peel stresses 
that lead to failure and often do not yield a strength value for the adhesive joint, 
but rather indicate unsuitable surface qualities of the adherend. 
3. Substrate failure is a failure that occurs when the adherend fails instead of the 
adhesive. In metals, this occurs when the adherend yields. In composites, the 
laminate typically fails by way of inter-laminar failure, i.e., the matrix fails in 
between plies. A substrate failure indicates that the adhesive is stronger than the 
adherend in the joint being tested. This is a desirable situation in practical design, 
but not when determination of adhesive behavior is being studied. 
Figure 8 provides a depiction of failure types experienced when bonding with 
adhesives. From this description Figure 9 through Figure 12 show the types of failures 
specific to bonding aluminum to composite. Figure 9 shows a typical adhesive failure of 
the adhesive with the aluminum adherend. From observation you can see that de-bond 
occurred such that practically all the adhesive did not stay bonded to the aluminum 
specimen. Figure 10 shows a similar phenomena but the de-bonding took place between 
the composite and the adhesive. Cohesive failure is shown in Figure 1 1. As you can see 
there was no adhesive failure between the adhesive and the adherends. Figure 12 shows 
the last failure mode experienced in this study, which was the failure of the composite 
adherend. This failure resulted in the de-lamination of the composite just below the 
surface. 
509.60h8Bive foilwe 
Figure 8 - Cohesive and Adhesive Failures of Bondline 
Figure 9 - Adhesive Failures with Aluminum 
Figure 10 - Adhesive Failures with Composite 
Figure 11 - Cohesive Failures in the Adhesive 
Figure 12 - Substrate Failure in the Composite 
1.4 Use of Adhesives in the MACH Project 
In 2000, the University of Maine teamed with Pacific Marine (PACMAR) of 
Honolulu, HI, and Applied Thermal Sciences of Sanford, Maine on the MACH program. 
These collaborators have undertaken a mission to develop fast efficient surface vessels 
that use additional underwater bodies attached to a more traditional hull-form. They are 
working in conjunction with the Navy labs at Carderock, MD (NSWC-CD) and Newport, 
RI (NUWC) and are funded through ONR. The end goal is to deploy ships where more 
payload and/or higher speeds can be achieved at little or no additional power 
consumption and with excellent sea keeping ability. Figure 13 shows one example vessel 
called the MIDFOIL where a hydrofoil and a parabolic lifting body shape are combined 
with a catamaran hull to achieve additional buoyancy and dynamic lift which greatly 
improves the performance and sea-keeping of the vessel. Relatively inexpensive pilot 
tests on the MIDFOIL and similar vessels have shown that this method has great 
advantage for fast military support craft and commercial vessels such as ferries. Recent 
efforts under MACH have shown, on non-optimized structures, that the addition of 
underwater lifting bodies can dramatically improve speed, reduce he1 consumption and 
increase payload. These efforts have also demonstrated that composite material can bring 
about high structural efficiency. 
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Figure 13 - MIDFOIL Craft with Parabolic Underwater Lifting Body 
The MACH concept was developed as a blending of technologies as illustrated in 
Figure 14. It was based upon work conducted at the University of Maine in support of 
NASA's X-38 crew return vehicle. The highly complex outer shape of this spacecraft 
was attained by a system of high-temperature composite panels over a metallic fiarne. 
These construction techniques led the University of Maine and Pacific Marine to propose 
a panelized construction concept for advanced high-speed vessels. 
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Figure 14 - The MACH Concept as Applied to HYSWAC 
The central motivation of the MACH effort is a desire to break out of the restrictions 
of conventional hull construction techniques and conventional hull forms. Conventional 
hull construction techniques have limited the ability to build and maintain the complex 
shapes required for high speed military support vessels in a cost effective manner. 
The core of MACH effort is to develop hybrid systems consisting of a metallic 
supporting structure (i.e. framework or central metallic ship hulls section) and composite 
structural sections (i.e. complex curved panels or complex shaped bowlstern sections). 
The focus is research on hybrid structural systems where various components are joined 
together to take advantage of the beneficial properties of each. Therefore, development 
of hybrid connection technology is one of the primary goals of this effort. In general, the 
complex shapes required for advanced ship designs will drive the use of composites in 
construction. The complex shape composite ship sections can have many forms, from 
composite panels, which simply seal the hull, to complex sections containing transducers 
for structural monitoring and sonar applications. The emphasis of the proposed project is 
on the development of hybrid construction and joining systems. 
As a case study, researchers are currently attempting to implement the MACH 
methodology on a newly developed undenvater body designed by PACMAR called the 
HYSWAC. Current plans are that this underwater body will have in its design a place to 
apply modular composite panels as shown in Figure 15. 
Figure 15 - Dedicated Area for MACH Panel 
The base structure of the HYSWAC is aluminum and there are requirements for 
attaching the MACH panel to the aluminum structure that must be addressed. This leads 
to requirements for joining the panel to the larger structure. Currently methods of 
attaching the composite panel to the framework are being resolved. 
Various connection concepts including adhesives, mechanical fasteners or a 
combination of both are being studied under the MACH program. Utilizing an adhesive 
as a primary or secondary method of joining the panel to the structure provides a means 
to join complex shapes yet maintain structural integrity. 
1.4.1 Panel Joint Design 
The MACH effort, having a goal to incorporate panelized composites into the design 
and construction of underwater ship bodies, directed the effort to analyze joint 
construction where composites interface with metal substructures. The University of 
Maine began this effort by constructing and testing several bolted and adhesive bonded 
joints, as a baseline for their research. To reduce the large stress concentrations that occur 
in the regions where the bolts penetrate the composite, use of adhesives was attempted. 
Figure 16 shows a baseline bolted 1 bonded joint that was constructed by the University 
of Maine. This subcomponent connection test article includes a W' thick E-glasdvinyl 
ester composite panel connected to a %" steel T-section. The composite was bolted on 
each flange using 6 - %" bolts. Influence of the adhesive on connection response is being 
studied. 
As the MACH program advances in design, the effort will be to have a composite 
panel attach to a metallic substructure of an under water body, with the outer composite 
face, having a smooth profile. 
Figure 16 - Adhesively Bonded and Bolted MACH Test Panel 
1.4.2 Adhesive Study Recommendations for the MACH Program 
In building a metallic substructure where compound curves are present, there becomes 
a potential problem with fit-up of a pre-made composite part to the metallic substructure. 
Because of this, there is a need for an adhesive, which performs well with bondline 
variations having gaps, which are much higher than those, encountered for aerospace 
applications and that exceed the bondline thickness for which most adhesives are tested. 
Therefore, testing is required for adhesives in this application. Furthermore these joints 
will be required to operate below the waterline and watertight integrity is of paramount 
importance. Therefore if adhesives are to be used as part of the MACH effort, 
understanding of the environmental response to water and appropriate temperature is 
essential. 
1.5 AHFID Case Study 
As another case study of where adhesives are needed on ship structures, the Advanced 
Hull Form Inshore Demonstrator (AHFID) program focuses upon the development of a 
rim drive propulsor (RDP) to be interfaced to the SES-200 ship at Pacific Marine and 
Supply Company (PACMAR) of Honolulu, HI. Figure 17 shows the RDP attached to the 
ship via a composite strut in a V-configuration. A subtask of the AHFID program 
undertaken by the University of Maine is to perform preliminary R&D for a composite 
strut, and the ship interface to the SES-200. The main structure of the SES-200 is 
aluminum, therefore a hybrid metal 1 composite connection is required at the ship to strut 
interface. The adhesive study presented is directly relevant to the composite strut 
subtask. 
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Figure 17 -SES 200 with AHFID Rim Drive 
Composite strut technology for structures such as the RDP is not well proven. 
Therefore, prior to implementation of a composite strut for systems such as the RDP, full 
scale proof concept testing is imperative. This full scale test is planned for the University 
of Maine, Boardman Laboratory on a single cantilevered strut configuration, with the 
strut mounted vertically in the Boardman Hall reaction frame (Figure 18). The strut 1 ship 
interface consists of an aluminum boot, as designed by Electric Boat. Sprecace [2001] 
provides a preliminary analysis of the strut system subject to shiploads. The strut 
structure in the V-configuration will transfer loads acting primarily as a cantilever beam 
in the thrust direction, and as a beamltruss in the lateral direction. A primary 
consideration in the strut design is the connection between the composite strut, a metallic 
boot, and the ship. 
Reaction Frame 
Figure 18 - View of AHFID Strut Mounted in Reaction Frame 
1.5.1 Strut Design 
The RDP attachment structure has, as a goal, the design of a strut to minimize the 
cross section for hydrodynamic effects, while permitting adequate space within the strut 
to house the power cables for the RDP. This necessitates a strut with cavities for 
clearance and a thick shell with adequate strength for transferring loads to the ship 
structure. Figure 19 shows the baseline strut cross-section. 
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Figure 19 - Cross Section View of Strut 
The majority of the composite strut volume, which constitutes the primary structural 
element, is carbonlepoxy. The layers of carbon fiberlepoxy were filament wound about 
the outer surface of a pultruded E-glasslepoxy core that is approximately .375" thick. The 
center core acts as a bulkhead creating the necessary internal cavities and as a mandrel 
for the filament wound carbon fiber structural material. 
Since the goal of the strut design was to be as stiff as possible in longitudinal bending, 
the desired orientation would require unidirectional fibers to be placed along the length of 
the strut. However, the filament winding process was limited to a sequence of [lo0/-10 '1 
NS. The last few passes during winding applied purely hoop (or 90')~) piles for 
compaction. The carbon fiber layer was machined to a NACA 0024 profile, leaving a 
wall thickness of approximately 1.550" at the maximum strut thickness. The strut was 
subsequently wrapped with a filament wound E-glass vinyl ester wrap for surface 
protection. The lay-up sequence for the outer wrap was [45'1-45 '1 90 '1 NS and the 
thickness was .300". It is this outer layer that will be adhesively bonded to the metallic 
boot interface. Figure 20 shows the strut prior to machining the carbon fiber wrap. 
Figure 20 - Filament Wound Strut after CF Winding Prior to Machining 
1 S.2 Boot Connection 
The current shiplstrut connection design concept relies on a metallic boot to be 
adhesively bonded to the strut. The assembly will be mechanically fastened to the ship's 
hull. Electric Boat [Sprecace, 20011 who supplied fabrication drawings for the boot 
performed the interface design. Figure 2 1 shows an exploded view of the metallic boot 
connector at the vertical bolted joint. Dimensions specified for fabrication are shown in 
Figure 22 and are given in US customary units (inches). The boot consists of two parts 
made of 6061 - T6 alunlinum. The inner sections are made of four sheets of 1" thick 
aluminum, which has been roll, formed to the outer shape of the strut. The upper 36" of 
the struthoot are where the boot will attach to the ship structure or in the case of the 
laboratory test, to the reaction fiarne. The lower 36 inches are for stifkess tapering. 
To increase surface area at the adhesive bond, machined grooves '/z" wide and . O W  
deep, are cut into the plates on 2" spacing. The quarter sections are then welded to form 
the two half sections shown. The outer frame work which acts as a stiffener and provides 
for bolting at the horizontal joint are fabricated from 1" x 4" 6061 T6 aluminum flat bar. 
Inner 
i swtiOr 
Figure 21 - Exploded View of Boot Fabrication Drawings as Supplied by Electric 
Boat [Sprecace 20011 
This fabrication process is labor intensive and the amount of welding required, causes 
distortion of the parts during manufacturing. This distortion leads to increased gaps and a 
subsequent relaxing of the adhesive joint tolerances is required if the boot is to be made 
cost-effectively. Figure 23 shows the boot during the fabrication process. At this stage the 
stiffeners are being cut to size and welded at the specified location. 
Figure 23 - Strut with GRP Over Wrap - During Boot Fabrication 
1.5.3 Installation of Boot & Test Article 
Installation of the AHFID boot into the reaction frame located in Boardman Hall 
required welding attachment points to the AHFID boot. These attachment points allow 
bolting of the upper boot to the reaction frame. Figure 24 shows the welding process 
during installation of the attachment points. 
Figure 24 - Installation of AHFID Boot Interface Structure 
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1.5.4 Adhesive Study Recommendations for the AHFID Program 
From inspection, bondline variations fiom touching to 0.375" gaps were realized at the 
adhesive joint due to the fabrication process for both the metallic boot and the AHFID 
conlposite strut. The larger gaps are located both fore and aft on the strut profile. These 
gaps are much higher than those realized in aerospace applications and exceed those for 
which most adhesives are tested. According to the manufacturer of the boot, having the 
bolted joint at the half cord requires the boot to be made in four sections with welding 
required both fore and aft. This leads to heat distortion causing deviation in profile and 
increasing the bondline thickness. 
Figure 25 shows an end view of the boot assembly prior to bolting at the horizontal 
flange. This figure shows the gap between the strut and the boot at this location where the 
bondline was deemed to be the maximum. Stiffener plates were added to the bolting 
flanges because flexing of the bolting flange would occur during bolt up. With these gaps 
exceeding gaps analyzed by adhesive manufacturers, and it was advised that adhesive 
testing be performed to quantify adhesive bonding properties. 
Figure 25 - Strut with Aluminum Boot Showing Bondline Thickness 
1.6 Need for Adhesive Studies in Marine Applications 
The marine industry has its own particular issues that must be addressed when 
considering use of structural adhesives. Because ships are relatively large structures, 
bondline thicknesses tend to become greater than those found in automotive or aircraft 
industries. With advanced hull forms, there are complex shapes that need to be 
considered and many issues with regard to connections that need to be resolved. These 
structures will be subjected to complex load in an environment that is mostly comprised 
of water. All these variables increase the complexity when designing a joint. 
In order to build joints with high integrity, technology must provide shipyards with 
practical, inexpensive procedures for joint construction. Variables such as surface 
preparation need to be tailored so that they are relatively simple for shipyard personnel to 
implement. If such variables are perfected, the ability to produce a joint that is watertight 
will r~sult. 
2. Test Article Geometry and Test Description 
Lap joints were tested using various adhesives, varying bondline thickness, surface 
preparation, and under room temperature and hot wet conditions, in order to quantify the 
adhesive properties associated with these parameters. Joint geometries studied were 
selected because they expose the adhesive being tested to a complex stress state. By 
testing the adhesives in a complex stress state, it provides a faster means to narrow the 
adhesive selection for various complex stress joint configurations. Subcomponent 
representations of these joints were tested in single lap tensile shear, double lap tensile 
shear, and flexure as described in the remainder of this section. 
2.1 Single Lap Tensile Shear Test 
Adhesive testing consisted of adhesively bonded hybrid joints made of aluminum and 
E-glasslvinyl ester adherends. Determination of test article geometry for the tensile single 
lap shear test is an important first step in the adhesive study. The geometric sizing should 
be such to avoid the adherends failing during the tests. It is undesirable to exceed the 
yield point of the metal or material limit of the composite adherends. To prevent this type 
of failure the permissible length of overlap in the specimen will vary with thickness and 
type of material, and on the general level of strength of the adhesive investigated. The 
maximum permissible length may be computed from the following relationship: 
L = F w *  t l ' ~  
L = length of overlap, in., 
t = thickness of material, in 
Fw = yield point of material (or stress at proportional limit), (psi.) 
7 = 150 percent of the estimated average shear strength in adhesive bond, (psi.) 
This calculation is discussed in detail in ASTM D 1002. To ensure that the material limit 
was not exceeded both the aluminum and the composite were analyzed for recommended 
overlap. Using yield strength of aluminum of 40,000 psi, a panel thickness of 0.37S9, and 
an adhesive shear strength of 4500 psi. It was determined that the maximum amount of 
overlap would be. 2.2" if the metal controls. Composite material strength of 5 1800 psi 
was used, with the same adhesive shear strength and panel thickness. This resulted in a 
maximum overlap of 2.849". For simplicity an overlap of 2" was used in these tests 
resulting in a 2" x 2" bond area. 
To ensure proper grip area for the test specimens a length of nine inches long was 
selected. This would allow for 2 %" at each end to be gripped by the test machine. 
2.1.1 Single Lap Joint Geometry 
The single lap joint consists of a 9" x 2" x 0.375" thick rectangular aluminum plate 
bonded to a 9" x 2" x 0.375" thick rectangular composite panel as shown in Figure 26. 
Bondline thickness is a parameter in this study and varies fkom 0.060" to 0.250". 
Adhesive Region, t b o n d  v a r i e s  
\ Grip A r e  
Figure 26 - Single Tensile Shear Lap Joint Geometry 
2.1.2 Finite Element Analysis of Single-Lap Joint 
A finite element analysis was performed to study the structural response of the single- 
lap shear test articles. The focus of this analysis was to investigate the deformation and 
combination of stresses that occurs during single lap shear tests. In doing so a linear 
quasi- isotropic model of the E-glass composite, 6061-T6 aluminum, and Loctite 9359.3 
adhesive were constructed as a first cut estimate of the response. Furthermore fixtures 
were designed and instrumentation was placed based upon results of these models. 
2.1.2.1 Description of Linear FEA Model 
An isotropic, linear, two dimensional model was constructed for the single lap tensile 
shear specimen. This model consisted of 1794 nodes and 765 elements as shown in 
Figure 27. Two-dimensional plane stress elements where used for both the adhesive and 
the adherends. A unit thickness of 1 inch was used in the model. The model was divided 
into three groups, each specific to a material used in the model. Material properties as 
presented in Table 1, were acquired fiom various sources. For the E-glass adherend, 
properties were calculated using CompositePro software. The software calculated the 
properties of the lay-up used ([(+45/-45,0/ Is ) in the testing, given a 60% fiber 
volume content. The properties for the aluminum where found in a metals handbook and 
where checked against properties specified in the Algor software, material database. 
Loctite supplied effective properties for the 9359.3 adhesive. 
Table 1 - Material Properties Used in FEA Analysis 
Adhesive 
(Loctite 9359.3) 
I Poisson Ratio I 
Tensile Modulus 
Shear Modulus 
In the finite element model shown in Figure 27, the composite adherend is located on 
the right side and the aluminum adherend is located on the left. Meshing was performed 
using quad plane stress elements with a rectangular shape. At the location of the 
adhesiveladherend interface a total of 25 elements where used along the contact surface. 
The thickness of the adhesive was divided into increments of 0.010" resulting in 6, 10, 
and 25 elements thru the thickness for bondlines of 0.060", 0.1 OW, and 0.250" 
respectively. Loading in the model was applied to the aluminum adherend. A force of 20 
lbs was applied at each node along the edge where the tab is bonded to the aluminum 
adherend resulting in a total force of 1000 lbs over the unit thickness. Clamped boundary 
conditions where applied to the end of the composite adherend. No translations were 
allowed. 
Composite Aluminum 
330 x lo3 psi 
132 x l d  psi 
- 
6.48 x lo6 psi 
5.94 x lo5 psi 
-- 
9.9 x lo6 psi 
3.7 x lo6 psi 
Tab End with 
Load Aaalied 
--KT---- Composite Adherend 
I Adhesive Joint , L 
Aluminum Adherend I 
Tab End with 
Clamped Boundary 
Figure 27 - FEA Model Layout 
2.1.2.2 Deformation in Joint 
Figure 28 shows the displaced shape of the specimen as predicted by the finite element 
analysis. It was observed that the out of plane deflection of the composite specimen is 
greater than the out of plane deflection of the aluminum adherend. This finite element 
model was analyzed, paying specific attention to instrumentation placement as shown in 
Figure 29. Instrumentation was placed at key locations, indicated by La, LC, A and B in 
Figure 29. Values for in plane and out of plane movement and relative "y" displacement 
of A to B are given in Table 2 and correspond to instrumented locations used in the 
testing. These values are also used to determine the in plane stiffiess and out of plane 
stiffiess for each adhesive tested. 
Displacement 
0.01 31 1 
0.01 1 W 
0.00931 
o.mW9 
0 . m  
O.[I13K 
ieml 
Figure 28 - FEA Analysis of Lap Joint Geometry 
Composite Lateral 
Measurement (LC) 
z In Plane Measurement between A and B 
' Aluminum Lateral 
Measurement (La) 
Figure 29 - Instrumentation / Fixture Locations 
To understand the strain state, plots of maximum principle strain, in plane strain (E,), 
and out of plane strain (E,) are shown in Figures 30 through 32, respectively. These 
contour plots show that the major components of strain are concentrated in the adhesive 
located at the ends of the bonded joint. 
Figure 30 - Maximum Principle Strain of Single Lap Shear Bond 
Figure 31 - Out of Plane Strain (&J 
Figure 32 - In Plane Strain (q) 
2.1.2.3 Effect of Tensile Modulus 
The tensile modulus for the adhesives in this test varied from adhesive to adhesive. In 
order to understand how this change in modulus affected adhesive performance, finite 
element models were run with the adhesive tensile modulus as a parameter, which 
changed by an order of magnitude smaller and an order of magnitude larger than the 
baseline Loctite modulus. With the change in modulus, it was noted that the stress 
changed by less than % of one percent when measured at high stress areas. As shown in 
Table 2 the maximum strain was affected more than the maximum stress due to changes 
in the modulus. Also shown in Table 2 are the relative in plane movement across the 
joint, the out of plarie movement of the aluminum and the composite, and the maximum 
displacement of the specimen. 
Table 2 - Effects of Adhesive Tensile Modulus 
Adhesive Tensile Modulus Comparison 
I I I I 
2.1.2.4 Stresses in Joint 
When looking at the stress, the desire was to determine the value of peel stress relative 
to the in plane stress. The peel stress is defined as the stress orthogonal to the adhesive 
interface, o,. Figure 33 - 35 shows the transverse peel stress (o,), the normal stress 
(o,), and the shear stress (+), respectively. The value of shear stress is the stress 
induced fi-om the racking of the adhesive along the joint. To understand how the stress is 
distributed across the joint and through the adhesive, values of the stresses were analyzed 
in the adhesive at the centerline of the adhesive, at the interface of the adhesive to the 
composite, and across the adhesive at the composite end of the joint. Figures 36-38 give a 
graphical representation of the stress distribution respectively across the joint. Computed 
in the finite element model as shown in Figure 36, Shigley [2001] also includes the 
theoretical shear stress as defined by Vokersen [1938]. The theoretical shear stress was 
calculated fiom the following: 
T = (Po 1 (4bsinh(oU2)))cosh(ox) + Eq. (2) 
[(P~/(4b~inh(~U2)))(2E~t,-E,ti/2E,t,-E,)]sinh(ox) 
The variables used for these equations are: E, and E, are the tensile moduli of the two 
adherends respectively, t, and ti are the thicknesses of each adherend, P is the load 
applied to the specimen, L is the length of the bond, h is the thickness of the adhesive, G 
is the shear modulus of the adhesive, b is the width of the bond, and o is a parameter 
defined by geometry and the ratio of material stiffness. 
Analysis of Figures 33 - 38 indicates that failure will most likely initiate at the 
adhesive bond ends. 
Figure 33 - Stres's Tensor Component (a,) 
Figure 34 - Stress Tensor Component (a,,) 
Figure 35 - Stress Tensor Component (~ ,3  
Stress Distribution Across 0.100" Adheslve Joint 
Adhesive Centerline 
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Figure 36 - Stress Distribution Along Joint (Adhesive Centerline) 
Stress Distribution Across 0.100" Adhesive Joint 
At interface 
6000 -o- YY - In Plane 
4000 -+YZ 
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Figure 37 - Stress Distribution Along Adhesive to Composite Interface 
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Figure 38 - Stress Distribution through Adhesive (Composite End) 
2.1.2.5 Effects of Bondline Thickness 
The relationship of stress, strain, and displacement, relative to bondline thickness was 
investigated by creating two additional models with a bondline of 0.060" and 0.250". 
Table 3 shows the values for peel stress, in plane stress, and shear stress for each 
bondline thickness. Peel stress is defined as the value of o, along the baseline. These 
values are shown graphically in Figure 40. Values were tabulated for a point located one 
element away for the composite/adhesive interface as shown in Figure 39. 
Values Tabulated 
- from this Location 
Aluminum I I 
Figure 39 - Tabulation Point 
Table 3 - Tabulated Values of Stress - Varying Bondline Thicknesses 
STRESS 
o, - Peel (psi) 
o, - In Plane (psi) 
z, - Shear (psi) 
0.250" 
Point A 
595 
6242 
544 
0.250" 
Point B 
3472 
632 
1061 
0.060" 
Point A 
448 
4697 
677 
0.060" 
Point B 
2426 
461 
1221 
0.100" 
Point A 
415 
5050 
603 
0,100" 
Point B 
2699 
50 1 
1097 
Stress Tensor vr. Bondline 
+- YZ - Shear (psi) 
- - .- 
Bondline Thickness 
-- 
Figure 40 - Stress Tensor vs. Bondline Thickness (Composite to Adhesive Interface) 
2.1.3 Double Lap Shear Joint Geometry 
The double lap shear joint consist of a rectangular aluminum plate bonded to two 
rectangular composite panels. As shown in Figure , the dimensions for both the 
aluminum plate and the composite plate are the same as used in the single lap joint. 
Bondline thickness was not varied at this stage of testing. All bondlines will be 0.100". 
The inner gap between the outer adherends will vary. Smaller gaps will help minimize 
the peel stresses induced by the geometry. As the inner gap is changed the composite 
adherends will be cut to length to ensure a 2" bond area at the aluminum interface. 
tbond (0,100") 
1 
1 I 
3 .I 
,- 9 N  , Adhesive Region 8 
\ L 2 . 4  Grip Area 
Figure 41 - Double Lap Shear Joint Geometry 
To provide an understanding of this double lap tensile shear geometry, finite element 
analysis was perfonned. Just as in the case of the single lap tensile shear, an isotropic 
model of the E-glass composite, 6061-T6 aluminum, and Loctite 9359.3 adhesive were 
constructed. The same properties used in the single lap tensile shear model were used for 
the double lap tensile shear model. The model was constructed with the aluminum 
adherends located on the outer extents with two composite adherends bonded in parallel. 
Results of both cases were comparable. The geometry produced little effect on the 
stresses in the specimens. Just as in the single lap tensile shear tests; values were 
tabulated for stresses located at the adhesive to aluminum interface at the end of the 
bondline. See Table 4 for results. 
Table 4 - FEA Results for Double Lap Tensile Shear Tests 
I %" Gap 5" Gap I 
o, - Peel (psi) 
ow - In Plane ( ~ s i )  
2.2 Flexure Test 
z, - Shear Stress (psi) 
Von Mises (psi) 
2.2.1 Overview 
466 
2016 
The flexure test performed in this study allows determination of moment transfer 
472 
2018 
1 92 
21 19 
capability through a hybrid adhesive bonded joint. Four-point bending tests were 
1 94 
2123 
designed to study the response of the hybrid joint subjected to constant moment. 
2.2.2 Flexure Joint Geometry 
The flexure joints consisted of two rectangular aluminum plates bonded to a 
rectangular composite panel. As shown in Figure 42, coupons consist of a 2" x 6"x 
0.375" thick composite specimen bonded to two 2" x 12" x 0.375" thick 6061 - T6 
aluminum plate specimens. The composite plate is sized to ensure an overlap of 2" in the 
bonded region. Bondline thickness was chosen to be 0.100" for this study. 
Adhesive Region 
Figure 42 - Flexure Joint Geometry 
2.3 Test Plan Methodology 
A matrix of the testing that was accomplished during this effort is outlined in Table 5. 
The methodology used for selecting the adhesives for testing involved the following: 
Perform a series of three tensile single lap shear tests on subcomponent joints 
using six adhesives in combination with three different surface preparations at a 
bondline thickness of 0.100" 
Select the promising two adhesives and two surface preparations for further study. 
Run a series of flexure tests at room temperature with the two adhesives and two 
surface preparations at a bondline thickness of 0.100" 
Run a series of three tensile shear tests on the most promising two adhesives and 
two surface preparations with a bondline thickness at 0.250" 
Run a series of three tensile shear tests on the most promising two adhesives and 
two surface preparations with bondline thickness at 0.060" 
Run a series of "long" double lap tensile shear tests at room temperature. 
Run a series of "short" double lap tensile shear tests at room temperature. 
I E E I OOL'  I 3 
E 
Qlt l  I Qlt l  ( 
aJnxald 
M H  1 M H  I Qltl  1 Qltl  1 Qltl  1 Qlt l  
Jeaqs al!sual 
E OOL'  d e i  alqnoa I 
2.4 Materials and Material Testing 
2.4.1 Metallic Components 
The metallic components were fabricated of 6061 - T6 Aluminum. The properties of 
this alloy are as follows: 
Table 6 - Aluminum 6061 T6 Properties [Gere and Timoshenko, 1997) 
Physical Properties 3 
Density 2.7 g/cc 
Mechanical Pro~erties 
US Customary 
0. 0975 Ib/in3 
95 
45 ksi 
40 ksi 
12% 
10008 ksi 
377 1 ksi 
29,733 psi 
13.779 mi 
Comments 
500 kg load with 10 mm ball 
500,000,000 Cycles 
2.4.2 Metal Specimen Preparation and Conditioning 
Durable adhesive bonds between metal-to-metal or metal-to-composite can be obtained 
reliably only through proper selection and carefbl control of the adhesive, the adherend 
materials and the preparation and conditioning steps in the bonding process. The 
preparation of the metallic substrates to obtain surfaces with appropriate characteristics is 
a critical step. Improper surface preparation can produce seemingly acceptable bonds that 
can degrade rapidly with time under effects of the environment. 
The surface preparations used in this study are as follows: 
1. Mechanical Surface Prep (SandinglCleaning) 
2. Grit blasting (3-5 mil blast profile) 
3. Acid Etch with Chromate Conversion 
2.4.2.1 Surface Prep - Mechanical Prep - Sanding 
Mechanical surface prep is performed in preparation for adhesive bonding to remove 
scale, rust, oxidation and old coatings, as well as to provide a surface profile necessary 
for good adhesion to the substrate. The metal specimens typically come with a mill 
surface finish at the adhesive region. One type of surface preparation is sanding to ensure 
that an adequate profile is achieved. Figure 43 shows aluminum specimens during 
sanding process. Cleanliness after sanding is important. Any remaining traces of spent 
abrasive or other debris must be blown, swept, or vacuumed from the surface prior to 
adhesive bonding. Figure 44 shows cleaning adherends surface. 
Figure 43 - Specimen Sanding 
Figure 44 - Cleaning Specimens 
After completion and inspection of the final profiling sanding, the substrate should be 
adhesively bonded as soon as possible. A maximum period of 4 hours is generally 
allowed between the completion of surface prep and adhesive bonding. The last step prior 
to applying adhesive should be to clean the surface with an acceptable non-oil base 
cleaner such as alcohol. 
2.4.2.2 Surface Prep - Grit Blasting 
Abrasive blasting is a relatively simple method performed in preparation for adhesive 
bonding. It requires portable blasting equipment or a blasting cabinet. Figure 45 shows 
the grit blasting process, which was performed in an Eastwood blast cabinet in Crosby 
Laboratory at the University of Maine. A medium grade #BB1243, black boiler slag 
abrasive was used because of the following advantages: low moisture content, high 
degree of etch for permanent bonding of coatings, readily available, inert, fast cutting due 
to sharp angular edges, hardness, more economical, longer lasting and leaves minimum 
dust. This grade of grit is typically used for general-purpose repair and maintenance 
blasting. 
Figure 45 - Grit Blasting Process 
Like mechanical sanding, abrasive blasting is conducted to remove scale, rust, 
oxidation and old coatings, as well as to provide a relative rough surface profile when 
compared to sanding. The grit blasting process should be performed to achieve a 3-5 mil 
surface profile. 
Conventional abrasive blast cleaning is accomplished thmugh high-velocity 
propulsion of a blast media in a stream of compressed air (90- 100 psi) against the 
substrate. The particles' mass and high velocity combine to produce kinetic energy 
sufficient for blasting. Figure 46 shows a comparison of a grit blasted specimen and a 
machined specimen. 
Figure 46 - Surface Profile Comparison 
After completion and inspection of the final profiling, the substrate should be 
adhesively bonded as soon as possible. As with sanding a maximum period of 4 hours is 
generally allowed to elapse between the completion of blast cleaning and adhesive 
bonding. The last step prior to applying adhesive should be to clean the surface with an 
acceptable non-oil base cleaner such as alcohol. 
2.4.2.3 Surface Prep - Acid Etch with Chromate Conversion 
Acid etching is another process used to preparing aluminum for adhesive bonding. 
There are many concerns that need to be dealt with when using acid to etch a metallic 
surface, compared to the mechanical abrasion techniques. All safety procedures and 
recommendations should be followed when using chemicals. West Systems, who is a 
supplier of products used in boat manufacturing, recommends using a phosphoric acid 
etch process with chromate conversion when bonding to aluminum. Figure 47 shows the 
acid solution supplied by Gougeon Brothers, Inc. Gougeon Brothers, Inc. of Bay City, 
Michigan is the US distributor for West Systems products. 
Figure 47 - Acid Etch Solution 
The phosphoric acid is used to chemically remove the oxide layer from the aluminum. 
After the oxide layer is removed a chromate conversion coating is applied. This chromate 
conversion coating is a chemical treatment using a mixture of hexavalent chromium and 
water. This treatment converts the aluminum surface to a thin layer containing a complex 
mixture of chromium compounds. The coatings are usually applied by immersion 
although spraying, brushing, or swabbing methods may be used. The purpose of 
chromate conversion coating is to improve the corrosion resistance of the aluminum 
surface and can be used to increase the adhesion on aluminum parts. The chromate film is 
soft and gelantenous when first formed. It slowly age-hardens and therefore the bonded 
part should not be handled for a minimum of 25 hours. Exposure of the chromate film to 
temperatures in excess of 150 degrees F. may damage the film. 
The process for etching the aluminum specimens is as follows: 
Clean aluminum coupons with alcohol making sure that all contamination is 
removed 
Protect areas that you don't want etched with masking tape and polyethylene 
sheeting 
Make sure to shake Part A of "West System - 860 Aluminum Etch Kit" 
Dilute with 2 or 3 parts water in a plastic or glass container. 
Use rubber gloves and eye shields for protection 
Apply the diluted Aluminum Cleaner freely to the surface with a brush or swab. 
On badly weathered surfaces use a wire brush or steel wool to aid cleaning. Allow 
the solution to remain on the surface for 1 to 3 minutes. 
Flush away the solution with clean water or mop up with damp rags. 
Reapply if rinse water beads up. 
Wipe with clean, dry rags and or allow to air dry. When dry, proceed with the 
chromate conversion coating. 
Dilute chromate conversion coating with an equal part water in a plastic or glass 
container. 
Apply the diluted conversion coating to the surface with a brush or swab. 
Allow the solution to remain on the surface for 2 to 5 minutes. 
Do NOT allow the surface to dry before rinsing. 
Flush away the solution with clean water. 
Allow the surface to air dry. 
NOTE: Painting, Epoxy Coating, or Bonding should take place within twenty-five hours 
of treatment. 
2.4.3 Composite Adherends 
The composite specimens used in the tests were fabricated at the Crosby Laboratory, 
University of Maine. They consist of Dow Derakane 41 1 resin, which is a two- part 
epoxy vinyl ester resin, reinforced with E-glass cloth. Properties of Derakane 41 1 are 
listed in Table 7. 
The lay-up used for the test specimens was quasi-isotropic [(+45/-45,Ol Is E-glass 
fabric with a weight of 0.91-1 .I5 lblin2and a coupon thickness of 0.375". The properties 
of the E-glass are listed in Table 8 and where provided by BTI, the manufacturer of the 
E-glass fabric. The panels were fabricated with dimensions of 50" x 25". Adherend test 
article components were mapped before cutting, similar to that shown in Figure 48, and 
are labeled 1-46. Material test specimens were also cut as shown. Specimens were cut 
from each panel in accordance with the sizes specified in Figures 2.1,2.2, and 2,3. 
Table 7 -DERAKANE 411-350 Epoxy Vinyl ester Resin 
Physical Properties 
Viscositv 
Specific Gravity 
SI 
350 mPa.s 
Barcol Hardness 
Tensile Modulus 
Tensile Strength, Yield 
US Customary 
Mechanical Pro~erties I 
1.045 
Elongation @ break 
Modulus of Elasticity 
1 .045 
35 
4.1 GPa 
86 MPa 
Flexural Modulus 
Flexural Strength 
Flexural Modulus 
Comments 
25"CIms at 77°F 
3 5 
4 . 9 ~  1 0' psi 
12.100 psi 
516 % 
3.2 GPa 
Heat Distortion 
Temperature 
("C)FO at 1.82 MPa applied stress 
(at 264 psi applied stress) 
~oduct/m411350.htm 
516 % 
ksi 
3.4 GPa 
MPa 
MPa 
500 ksi. 
psi 
D S ~  
See web site for more details: http://www.dow.com/derakane/specific/~ 
105 220 
Figure 48 - Test Specimen Panel Cut Layout 
Stiffiess properties of the composite lay-up used in these tests are shown in Table 9. 
These values where calculated using CompositePro~ for Windows. CompositePro is 
software, which is produced by Peak Composite Innovation, LLC. In Littlton, Colorado. 
The assumption was made that the panel fabrication would produce a panel with a 60140- 
fiber volume fraction. 
Table 8 - E-Glass Properties Isotropic 
Physical Properties 
Elf 
G12f 
NU12f 
=+Slf 
=-Slf 
DENSITY-f 
End Area 
SI 
7.24 x 10" Pa 
3.03 x 10" Pa 
2.00 x lo-' 
1.86 x lo9 Pa 
US Customary 
10.5 x lo6 psi 
4.40 x lo6 psi 
2.00 x lo-' 
.270 x lo6 psi 
- 1 . 1 0 ~  lo9 pa 
2.55~10-~ kg1 m2 
4.33 x 10.' m2 
-.A60 x lo6 psi 
9.40 x lb/in2 
6.71 x lo4 in2 - 
Table 9 - Laminate Properties Orthotropic 
Physical Properties 
EX 
2.4.4 Specimen Conditioning 
Specimen conditioning pertains to temperature and moisture conditions at the time of 
V, 
DEN 
Thick 
testing. Conditioning will follow guidelines as referenced in ASTM D5229. A summary 
SI 
2.355 x 101° Pa 
of test conditions is as follows: 
US Customary 
3.415 x 10~~si 
1.562 x lo-' 
2.036~10' kg/m3 
9.144 x m 
a) RT - Room temperature of 73.4' +I- 3.6' F 
1.562 x lo-' 
7.500 x loe2 lb/in3 
3.600 x 10" in 
b) ET - Elevated temperature 150' F +I- 3.6' F 
c) D - Dry moisture conditions - conditioned at 50% RH and 73.4' +I- 3.6' F 
d) W - Wet moisture conditions - conditioned at 98% RH and 150' F until 
specimen weight stabilizes. 
The environmental chamber used for conditioning the specimens was a Tenney model 
T.H. Jr. which has chamber dimensions of 2O"wide x 20"tall x 16" deep. To ensure that 
humidity and temperature were maintained as required, an Omega model RH-201°F 
temperaturehumidity probe was used to monitor conditions inside the chamber. This 
probe was used because the calibration of the dials on this particular environmental 
chamber was not current. 
2.4.5 Adhesives 
Adhesives to be tested in accordance with this document were selected from various 
sources having association with both the MACH and the AHFID project. Table 10 
presents a list of adhesives used in the study along with their costs. 
Table 10 - Cost of Adhesives 
*- 120 qt minimum 
** - When miring doesn't produce 5 gallons. 
*** - SirquarC minimum 
Application of the adhesive is time dependent so it should be applied directly after 
mixing. Table 1 1 provides information on cure times as specified by the manufacturer 
and mixing information. Further details can be found on the following adhesives in 
Appendix B. Tensile shear strength and elongation are also reported for cases where 
manufacturer data was available. 
Material 
Belzona 1 12 1 
3M - Scotchweld 22 16 
Loctite 9430 
Loctite 939412 
Loctite 9359.3 
SIA E2119 
Table 11- Adhesive Properties 
Manufacturer C 
Quarts 
$225 
$78*** 
$33 
$53 * 
$142 
N/A 
Loctite 
Loctite 
Loctite k 
Gallons 
$810 
$255 
$135 
NIA 
NIA 
N / A  
Silicon 
Alloy 
SGallons 
$3975 
$1408** 
$650 
$1053 
$4150 
S855 
2216 1 Epoxy 
9430 1 Epoxy 
939412 I Epoxy 
9359.3 Epoxy 
Heat Req. I Mix Ratio I Work Life 
Wei t. 
-P4- 
35 min No I 1.2:' 
90 min 
@ 73 F 
50 min 
95 min 
77 F 
40 min No 1 100:44 1 @ 77 
25 min No 1 lOO:85 / @ 73 F 
Properties of the adhesives are described as follows: 
A. Loctite (Hysol) 9359.3 is a two-component structural adhesive, which exhibits 
high peel and high tensile lap shear strength. A variety of substrates such as 
metals, thermoplastics and composites may be bonded with this product. Loctite 
9359.3 was tested by Spencer composites and recommended for use in the 
AHFID project. This epoxy is a high-end epoxy, which is very expensive and 
relatively hard to work with. 
B. Loctite (Hysol) 9430 is a modified epoxy adhesive that attains structural 
properties after room temperature cure. This two-part adhesive is formulated to 
give very high peel strength coupled with excellent shear strength. The tough, 
flexible nature of this adhesive makes it useful for bonding dissimilar substrates 
and for assemblies requiring bondline thickness up to one-tenth inch. The Loctite 
Corporation as a substitute recommended the Loctite 9430, which would be less 
expensive than the 9359.3 yet provide similar properties. 
C. Loctite 939412 is a two-component structural adhesive. Loctite 939412 epoxy 
ranked high in an adhesive study conducted by Harrison and Crichfield [2002] 
detailed in a report "Adhesive and Sealants" 
D. Belzona 1121 is a two-component paste grade system based on a silicon steel 
alloy blended with high molecular weight reactive polymers and oligomers. 
Belzona 1 12 1 was selected because of its ease of application, it's relatively easy 
to work with, and it's relatively low cost. For ease of application this material has 
an extended working life. Once cured, the repair is durable and fully machineable. 
Another advantage is that the Belzona product is an odorless epoxy so it can be 
applied in any environment. 
E. SIA E2119 is a 1 : 1 two-component toughened epoxy adhesive that will achieve 
handling strength in less than 8 hours and full cure in 72 hours at room 
temperature. It can be gelled in 4 minutes at 1 80°F and post cured at room 
temperature or at elevated temperatures. Uses include bonding metal, plastic, 
FRP, and composite materials. E2119 is an excellent candidate where shock and 
impact resistance are needed.. 
F. 3M 2216 is a flexible, two-part, room temperature curing epoxies with high peel 
and sheer strength. 2216 meets MIL-A-82720 and is excellent for bonding many 
metals and woods, most plastics and rubbers, and masonry products. 
2.5 Sub-component Test - Specimen Designation 
Specimen designation will use a convention as follows: CXX-P-B-TTM-S##. This 
convention is summarized in Table 2-9. For example, CO1-G-C-RTD-A02 would 
designate Adhesive "C" used in a lap joint configuration, having grit blasted adherends. 
The specimen was tested in tensile shear. Environmental conditions were room 
temperature dry. The bondline was set at 0.100". The specimen was number two in the 
series. 
Table 12 - Summary of Sub-component Test Specimen Designations 
C indicates type of Adhesive 
XX indicates type of joint 
P indicates type of 
lloading condition IC = Tensile 1 Shear 
A = Loctite 9359.3 
B = Loctite 9430 
C = Loctite 9394.2 
D = Belzona 1 121 XI, Metal 
E=SIA2119 
F = 3M 2216 Ah3 Gray 
01 = Lap Joint 
02 = Flexure Joint 
G = Grit Blasted 
Surface preparation 
B indicates type of 
TTM is 
Test temperature 
and moisture condition 
S = Sanded 
A = Acid Etched 
F = Flexure test 
T is the specimen bondline thickness 
## is the specimen Number in the series 
RT = Room Temperature 
ET = Elevated Temperature (140' F) 
D = Dry 
W = Wet 
A = .loo" 
B = .250" 
C = .omw 
## = TO 1 through T - - 
2.6 Sub-component Testing 
Destructive testing to failure was conducted on adhesively bonded subcomponents. 
This study included tensile lap shear and flexure tests conducted at room temperature and 
elevated temperatures. The test articles were fabricated in accordance with specifications 
in Section 2 and the test matrix in Table 5. The tests quantify the performance of the 
adhesive over various bondline gaps and under different surface conditions while being 
mechanically loaded to failure. 
In total there were 156 tests including: 12 flexure tests at room temperature, 102 single 
lap tensile shear tests at room temperature, 24 double lap tensile shear tests at room 
temperature, and 20 tensile shear tests under hot wet conditions. 
2.7 Sub-component Testing Plan 
2.7.1 General 
This section describes the specimen preparation, test procedure, test setup, and 
instrumentation for sub-component tests. Test types include the following: 
a) Tensile Lap Shear, 
b) Flexure, 
2.7.2 Sub-component Tensile Shear Test Plan 
2.7.2.1 Sub-component Preparation of Tensile Lap Shear Specimen 
Consistent preparation of adherends for adhesive joining is an extremely important 
step. After preparation of adherends with the desired surface preparations, the specimens 
are placed on a clean level-working surface. Next the shims for the desired bond gap are 
selected and staged for the adhesive bonding. Figure 49 shows the aluminum adherends 
staged for bonding with an aluminum shim and the correct gap shim installed. 
Figure 49 - Aluminum Adherends Staged for Bonding 
The adhesives are mixed according to manufacturers recommendations. Shown in, 
Figure 50 is a mixing pallet that is placed on a scale and adhesive is added. Figure 5 1 
shows adhesive being added to the pallet. After adding both parts, the adhesive is mixed 
until consistent. Next the two-part epoxy adhesive is mixed to a uniform consistency. The 
epoxy is applied on the composite coupon surface and the aluminum coupon surface to be 
bonded. Figure 52 shows the adhesive being applied to the aluminum adherends. The 
composite coupon is then placed flat on the shim surface. Bondline thickness is then set 
and the two parts are mated to ensure proper alignment and sufficient contact pressure for 
maximum bond area. Excessive epoxy is removed with a spatula. Bondlines are visually 
inspected for gaps in the epoxy. The specimens are cured at room temperature as per 
manufacturing recommendations. After the specimens have cured for the required time, 
they should be visually inspected prior to testing. They are then marked for identification 
as per Table 12. 
Figure 50 - Adhesive Mixing (By Weight) 
Figure 51 - Adhesive MixingIStirring (By Weight) 
Figure 52 - Applying Epoxy to Aluminum Adherends 
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2.7.2.2 Subcomponent Tensile Lap Shear Test Set-up 
A photograph of the tensile lap shear test setup is shown in Figure 53. Prior to testing, 
shimming tabs are required to ensure load is applied parallel to the bondline. Tabs were 
applied to ensure a minimum of 2.5 inches of grip length. Once prepared the specimen is 
placed in the hydraulic grips of the MTS 810 testing machine so that the outer 2.5 inch of 
each end are in contact with the jaws and so that the long axis of the test specimen 
coincides with the direction of applied pull through the centerline of the grip assembly. 
Grip pressure was maintained at 3000 psi during the test. Upon commencing the test, load 
is applied due to a displacement rate of 0.025 in per minute displacement. The load is 
applied until failure and the failure load and failure mode are recorded. 
2.7.2.3 Sub-component Tensile Shear Test Instrumentation Plan 
A summary of the instrumentation for the tensile lap shear test is given in Table 13. The 
test specimens were instrumented to determine the relative movement along the joint 
versus applied load using the vertical LVDT and lateral movement vs. load. Test machine 
load and displacement between grips were measured using the MTS transducers with the 
signal recorded by the data acquisition system. 
Figure 53 - Test Article in MTS Machine with Instrumentation 
Table 13 - Tensile Shear Test Instrumentation Plan Summary 
I Designation I Variable I Remarks 1 
LO Load, lbs. MTS Load Cell - 22 kip Capacity 
DO Displacement, in. MTS Displacement Transducer-5" gage length 
DL1 I Displacement, in. I Displacement (Lateral - Aluminum) I 
I DA1 DA2 
I DL2 I Displacement, in. I Displacement (Lateral - Composite) I 
Data acquisition hardware consists of an IOTECH Daqbook 100 system capable of 
reading sixteen channels at a maximum throughput rate of 100KHz. Additional channels 
are available if deemed necessary by future test requirements. The data acquisition 
process is PC controlled. The data-taking rate was adjusted according to the specimen 
load rate. Sampling rate was chosen such that a minimum of 60 points was acquired 
during the linear portion of the loaddeflection curve. 
Displacement, in. 
Dis~lacement. in. 
2.7.3 Sub-component Flexure Test Plan 
2.7.3.1 Sub-component Flexure Test Set-up 
This test was used to quantify the flexural resistance of the subcomponent under 
constant moment. To simplify the testing a single span beam specimen was used as 
Displacement across adhesive joint 
Dimlacement across adhesive ioint 
shown in Figure 54. The end detail of the specimen was isolated on knife-edge pivots as 
shown in Figure 55. The size of the test article including connection is approximately 2" 
wide x 26" long. Load was applied across the member at two locations spaced 10" apart 
using a hinged load head. 
Figure 54 - Flexure Fixture 
Figure 55 - Flexure Test Set-up. 
2.7.3.2 Sub-component Flexure Test Procedure 
The steps involved in the flexure test are summarized as follows: 
Assemble the test article 
Calibrate the LVDT and Load Channels. 
Attach the load head to the MTS machine, Start-up the MTS, set the load range to 
22,000 lbs., and zero the load cell. 
Zero the position sensors. 
Bring the load head in contact with the test article. Zero the MTS displacement. 
Start up the data acquisition process. Data taking rate=l sample per 2 seconds. 
Run the test program in displacement control mode. Displacement rate = 0.025 
inches per minute. 
Observe, photograph and document damage as it occurs. 
Test rate is such that failure occurs in 10-1 5 minutes. 
Upon completion of the test record the peak load, displacement at peak load, and 
failure mode. Results were plotted and attached in Appendices. 
2.7.3.3 Sub-component Flexure Test Instrumentation Plan 
The test specimens were not instrumented for preliminary testing. Instrumentation for 
preliminary testing consisted of the MTS load cell and the MTS LVDT displacement 
transducer. 
Table 14 - Instrumentation Plan Summary 
I DO I Displacement, in. I MTS Displacement Transducer 
Designation 
LO 
The data acquisition process is PC controlled. The data-taking rate was adjusted to take 
data at a rate of one data point every 0.1-second. Loading rate was 0.025 in. per minute. 
Variable 
Load. lbs. 
Remarks 
MTS Load Cell 
2.8 Sub-component Test Data Reduction and Analysis Plan 
As a minimum data reduction and analysis will include the following: 
a) Plots of load versus: MTS displacement, DA1 displacement, DA2 displacement, 
and @Al+DA2)/2 displacement. This will allow correlations between MTS 
displacement and the displacement along the adhesive joint to be understood. If 
direct correlation can be drawn: plots of load versus a representative displacement 
are all that was required. 
b) Record the load at failure 
c) Record the mode of this failure for each specimen. 
Express all failure loads in pounds per square inch of shear area, calculated to the nearest 
psi. 
3. Test Results 
Presented and discussed in this section are the experimental results gathered fiom tests 
carried out during this study. In the literature review it was demonstrated that the 
adhesive resistance in a hybrid joint is tightly coupled to bondline thickness, 
environment, and surface preparation. Accordingly the focus of study will concentrate on 
summarizing the effects of bondline thickness, connection geometries, surface 
preparation, and environmental conditions on the strength and stiffness of the adhesives. 
In an effort to provide the reader a better understanding of each adhesive this section of 
the report will summarize the ultimate load, average nominal stress values, and failure 
modes recorded in all tests. Detail plots of load versus deflection can be found in the 
Appendix A and B. 
3.1 Relative Strength and Stiffness of Adhesives 
Single lap tensile shear screening tests were performed on six adhesives at a bondline 
thickness of 0.100" in an effort to determine the relative nominal shear strength for each 
adhesive. The nominal shear strength is defined as the applied load at failure divided by 
the bond area of 4 in2. The average value for no less than three replicates is shown in 
Figure 56. This figure shows the average failure load of the adhesives relative to adhesive 
type and surface preparation. Regardless of surface preparation, the SIA and Loctite 
9359.3 adhesives appear to be the strongest of the groups tested. 
Grit Blast Sanded I Acid Etched I 
Adhestve 
Figure 56 - Nominal Shear Strength of Adhesive (Room Temperature) 
The baseline screening strength test results with the 0.100" bondline are summarized 
in Table 15. Failure load, nominal shear strength, stifbess, and failure mode are included 
for each adhesive and surface preparation. The nominal shear strength is a calculated 
value, which is derived by dividing the maximum load by the shear area of the joint, 
which was 2" x 2" or 4 square inches for all single lap shear tests 
Modes of failure are listed in Table 15. Designation for the failure modes are: SFIC - 
Substrate Failure in Composite, CFIA - Cohesive Failure in Adhesive, AFWA - 
Adhesive Failure with Aluminum, AFWC - Adhesive Failure with Composite. All modes 
of failure were experienced in testing the initial six adhesives and a depiction of these 
modes was presented in Section 1.3.6. 
The in plane stiflhess of the adhesive was also computed and tabulated in Table 15 as 
the average movement of the in-plane LVDTs. The stiffness values were computed by 
analyzing the linear region of the load vs. deflection curve and data from the two vertical 
LVDTs. The Pearson product moment correlation coefficient "r" was used for analysis. 
This value is a dimensionless index that ranges from -1.0 to 1.0 inclusive, and reflects the 
extent of a linear relationship between data points in known y's and known x's. A positive 
coefficient indicates the values of the y variables vary in the same direction as the x 
variables (positive slope). A negative coefficient indicates a negative slope. 
Characterizations of Pearson's r has establish as 0.9 to 1 as having a very high correlation 
and 0.7 to 0.9 as having a high correlation. The r-squared value can be interpreted as the 
proportion of the variance in y attributable to the variance in x. The r-square value is 
sometimes called the confidence coefficient. To ensure that only the linear portion of the 
curve was analyzed a correlation coefficient of 0.95 or greater was used as a limiting 
value. 
The lateral stiflhess was also measured by a similar method for both the metal 
adherend and the composite adherend. These results had a high variability between test 
specimens. This variability is attributed partly to the lack of precise positioning of the 
lateral displacement transducers and to variability in material stiflhess. 
Table 15 - Adhesive Strength and Failure Data @ 0.100" Bondline 
SlA 
Acid Etch 2 
Acid Etch 3 7356 
GB+AE 1 4313 
GB+AE 2 5060 
GB+AE 3 4680 
GB+AE 4 5389 
GB+AE 5 4892 
Aluminum 
Preparation 
Grit Blast 
Grit Blast 
Grit Blast 
Sanded 
Sanded 
Acid Etch p$ 
Nominal 
Shear 
strertgth 
Failure 
Mode 
Lateral Stiffness 
Stiffness 
(Ibfhn) 
CFlA 
CFIA 
SFlC 
AFWA 
AFWA 
AFWA 
SFlC 
SFlC 
AFWA 
CFIA 
CFIA 
CFlA 
CFlA 
CFlA 
Metal 
(Ibflin) 
74375 
98210 
105363 
125507 
144104 
140982 
155487 
162131 
149144 
143663 
134626 
123594 
135622 
131970 
Composite 
(I bfh) 
Table 15 - Continued 
Failure 
Load 
Loctite 
9394 
Adhesive 
Loctite 
9430 
Sanded 
Acid Etch 
Aluminum 
Surface 
>reparation 
Failure 
Load 
(Ib9 
- 
5319 
4191 
5860 
5739 
3887 
4295 
1767 
1490 
1 782 
-
Test 
# 
Aluminum Test Failure Adhesive Surface # Load Preparation (Ibf) 
Grit Blast 
Grit Blast 3150 
Nominal 
Shear 
Strength 
Failure 
Mode 
AFWA 
AFWA 
AFWA 
AFWC 
AFWC 
AFWA 
AFWA 
AFWA 
AFWA 
- 
Stiffness 
Composite 
Nominal I I 
Shear Failure Stiffness 
Strength I Mode I (lbfhn) ~ateral  Stiffness 1 
442 I CFlA 1 8057 1 0 0 
I I I I 
909 1 CFlA 1 52710 
372 I CFlA 
446 I CFlA 
Lateral stiffness I 
Metal 
(Ibfhn) 
8121 
9182 
0 
0 
0 
0 
Table 15 - Continued 
Nominal 
Shear 
Strength 
(mi) 
Adhesive 
AFWC 122046 
AFWC 134174 
ARNC 162528 
AFWA 181753 
AFWA 193080 
AFWA 153909 
AFWA 190180 
AFWA 172667 
AFWA 195562 
Failure 
Mode 
Aluminum 
Surface 
Preparation 
Table 16 presents a summary of the average strengths for each adhesive and surface 
preparation. Using strength at room temperature as the primary requirement, it was 
determined that the two most promising adhesives for fhrther study are the Loctite 9359.3 
and SIA E 2 1 19. These adhesives achieved nominal average strength of over 1400 psi 
regardless of surface preparation used. The data above was also analyzed for stifhess. 
Representative load vs. deflection curves for the adhesives are shown in Figures 57-59. 
Lateral StifFness 
(Ibflin) Composite 
Test 
# 
Failure 
Load 
Wf) 
Table 16 - Single Lap Shear Tensile Test Data @ 0.100'' Bondline 
Tensile Shear 1 
I
Loctite 9359.3 Sanded 
GB + AE 
Acid Etched 
Grit Blast 
Belzona 1 12 1 Sanded 
Acid Etched 
Grit Blast 
3M 2216 Sanded 
Acid Etched 
Grit Blast 
SIA 21 19 
est 
Average 
Strength (psi) 
2042 
1991 
1406 
1298 
907 
768 
680 
1281 
1160 
420 
687 
51 6 
673 
71 3 
808 
773 
1721 
1590 
1839 
1247 
Grit Blasted Surface Preparation 
(.10OW Bond line) 
0.000 0.01 0 0.020 0.030 0 .040 0.050 0.060 
Displacement (inches) 
Figure 57 - Load vs. Deflection - Grit Blasted (Adhesives) 
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Sanded Surface Preparation 
(.10OW Bond line) 
0.000 0.010 0.020 0.030 0.040 0.050 0.060 0.070 
Displacement (inches) 
Figure 58 - Load vs. Deflection - Sanded (Adhesives) 
Acid Etched Surface Preparation 
(.lOOn Bond line) -MI 
0.040 0.060 0.080 0.100 
Dis~lacement (inches) 
-- 
Figure 59 - Load vs. Deflection - Acid Etch (Adhesives) 
3.2 Effects of Bondline Thickness 
After initial screening test using 0.100" bondline thickness, the Loctite 9359.3 and the 
SIA E 2 1 19 adhesives were studied at bondline thicknesses of 0.060", 0.1 OW, and 
0.250". A summary of each test including the average values for each specimen's 
maximum nominal shear strength, bondline thickness, and failure modes are given in 
Table 17 - Table 19. Designations for the failure modes are as before: SFIC - Substrate 
Failure in Composite, CFIA - Cohesive Failure in Adhesive, AFWA - Adhesive Failure 
with Aluminum, AFWC - Adhesive Failure with Composite. The Loctite 9359.3 
adhesive achieved the largest nominal shear strength of 1909 psi, with the 0.100" 
bondline thickness and grit blasted surface preparation. This failure was controlled by the 
composite substrate and may not indicate the resistance of the Loctite adhesive. Further 
study revealed that this was not the case when the bondline thickness was reduced. At a 
bondline thickness of 0.060 and grit blasted surface preparation the SIA adhesive 
achieved 5% higher strength than the Loctite 9359.3. This was due to the premature 
failure of the composite substrate and may not be indicative of the adhesive capacity at 
this bondline thickness. Efforts to mitigate composite failure are recommended. 
Table 17 - Tensile Shear Test Data (0.060") Room Temperature 
Table 17 - Continued 
Table 18 - Tensile Shear Test Data (0.100") Room Temperature 
Adhesive 
SIA 
.loo" 
Bondline 
Grit Blast Ave 7193 1798 I 3 4 r ~ c ~ d 8  1 8 
Failure 
Mode 
CFlA 
CFlA , 
SFlC 
SFlC 
CFlA - 
Aluminum 
Su'ase 
Preparation 
Grit Blast 
Grit Blast 
Grit Blast 
Grit Blast 
Grit Blast 
Test # 
1 
2 
3 
4 
5 
Failure 
Load 
(Ibf) 
6923 
6438 
7293 
7727 
7582 
Nominal 
Shear 
sbenpul 
(psi) 
1731 
1609 
1823 
1932 
1896 
Stiffness 
(Ibfhn) 
74375 
98210 
105363 
159848 
162204 
Lateral Stiffness 
Metal 
(Ibfhn) 
292502 
259603 
233396 
859633 
573089 
- 
Composite 
(Ibfhn) 
378220 
449493 
995510 
325350 
382837 
Table 19 - Tensile Shear Test Data (0.250") Room Temperature 
Figure 60 shows a graph of bondline thickness vs. nominal shear strength. It is noted 
that the database for this test is limited in that this graph has been derived from results of 
the three-bondline thicknesses studied. The response of the adhesives at different 
bondline thickness, shows that as the adhesive bond grows greater in thickness, the 
nominal shear strength of the joint is decreased. This is primarily due to the thicker 
bondline, which causes the eccentricity of the load path to increase. This, results in higher 
peel stresses at the edges of the overlap region as presented in Figure 36. The thicker 
bondline causes increased rotation at the joint resulting in more in plane and lateral 
elongation per unit load. This causes the graphs of load vs. displacement to decrease in 
slope as the bondline is increased and the stiihess of the system is reduced as portrayed 
in Figures 61 and 62. A change in failure mode is also observed. It was noted that the 
thinnest bondlines failed from substrate failure of the composite and will not indicate the 
actual adhesive strength. The thickest bondlines caused the failure mode to shift toward 
an adhesive failure at the aluminum adhesive interface. This was observed with both the 
Loctite and SIA adhesives. The Loctite adhesive did not fail cohesively in these tests 
where as the SIA adhesive failure mode was both cohesive and substrate at the bondline 
thickness of 0.100" 
+- Loctite Adhesive 
-= SlAAdhesive 
SFICIAFWA 
SFIC 
SFICICFIA J 
CFIAIAFWA f 
1300 O I I t 
0.05 0.1 0.1 5 0.2 0.25 0.3 
Bondline Thickness (in.) 
Figure 60 - Bondline Thickness vs. Apparent Shear Strength (Room Temperature) 
- 0.060" Bondline 
--- 0.1 00" Bondline 
- 0.250 Bondline. 
Displacement (inches) 
Figure 61 - Load vs. Displacement for Varying Bondlines (Loctite) 
- .O6Ow Bondline 
- .10OW Bondline 
- .25OU Bondline 
0.020 0.030 
Displacement (inches) 
Figure 62 - Load vs. Displacement for Varying Bondlines (SIA) 
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3.3 Effects of Surface Preparation at Room Temperature 
Adherend surface preparation plays a critical role in developing bonded joints. 
Inadequate surface roughening, bonding, and treatment can prevent adhesives fiom 
bonding properly to metal and/or composites, resulting in premature failures. Strong 
interaction between the adhesive and the substrate are necessary to achieve bonds, which 
will sustain the full capacity of the adhesive and adherends. Surface preparation 
techniques should be specified in design of adhesive joints to ensure that the joints fail 
cohesively. It is essential that testing be carried out to qualie the effects of surface 
preparation treatment. 
Figure 63 shows a graphical representation of average nominal shear strength test 
results for the adhesives tested at room temperature with a bondline of 0.100". Varying 
surface preparations on some adhesives caused an effect on bond strength by as much as 
67% (9430 adhesive - acid etch vs. grit blast). Comparing the bond strength of the 
Loctite 9359.3 and the SIA E 21 19 it was interesting that the acid etch surface 
preparation did not affect the strength of the bond when using SIA, as it did when using 
the Loctite adhesive. Acid etching the surface of the aluminum adherend improved the 
strength of the bond when using the SIA adhesive. Further investigation of acid etching 
combined with grit blasting produced results that were reduced fiom the individual 
surface preparations. Investigation as to the cause is still ongoing. 
I Loctite 9359.3 Loctite 9394 Loctite Belzona 9430 1 1121 
Surface Prenantlon 
SIA 21 19 
\ r 
Figure 63 - Surface Preparation Strengths Relative to Adhesive 
3.4 Quantify the Effects of the Environmental Conditions. 
In Naval applications, joints are subjected to extreme moisture conditions. Because 
there was a concern with the adhesive bond degrading due to temperature and moisture 
effects, testing was performed on samples prepared with Loctite 9359.3 adhesive and SIA 
E 21 19 adhesive. Samples were constructed with grit blasting surface preparation and 
with grit blasting and acid etching/chromate conversion surface preparations in this study. 
Environmental testing consisted of subjecting specimens to an environment of 150 deg F 
with a humidity level in excess of 98% relative humidity for a period of one month. 
After placing the specimens in the environmental chamber, they were monitored for 
moisture absorption every three days. By day 19, the Loctite adhesive showed signs of 
discoloration. 
During removal of specimens fiom the environmental chamber to weight, it was 
noticed that the Loctite adhesive showed further signs of discoloration. Pockets of water 
were noticed collecting under the surface of the adhesive. This was especially noticeable 
in the adhesive, which attached the composite tab to the aluminum adherend. 
During the one-month of conditioning, specimens were continually analyzed for their 
moisture absorption rate. The weight changes of the specimens were virtually asymptotic 
at the 23d day as shown in Figure 64. Accordingly, testing after one month was 
performed. 
f 
Moisture Absorption of Specimens 
Date Webhted 
Figure 64 - Moisture Absorption of Specimens 
During testing, the adhesive which bonds the tabs, showed signs of degradation when 
subjected to gripping in the MTS test machine. The compressive load of the grip caused 
the adhesive to be displaced between the tab material and the adherend. Grip slippage 
was monitored during the test but did not occur. 
Although the Loctite adhesives showed signs of discoloration, results were compared 
to specimens that had not been subjected to environmental conditioning. Figure 65 and 
Figure 66 show that the grit blasted plus acid etched specimens had results comparable to 
specimens that were grit blasted and tested at room temperature. The failure mode is 
observed to change from substrate failure at room temperature to adhesive failure after 
environmental conditioning. 
Adhesive results before environmental conditioning were compared to results after 
environmental conditioning. Table 21 shows the comparison results. The grit blasted 
surface preparation degraded when exposed to environmental conditions for both 
adhesives. The Loctite degraded 22% and the SIA degraded by 14%. Results, which had 
chemical surface treatment, performed better when subjected to environmental conditions 
than specimens that had no chemical swface treatment. The Loctite adhesive that was grit 
blasted and chemical treated prior to environmental exposure had a 9% increase in failure 
load, than the specimen that was only grit blasted prior to environmental exposure. The 
SIA specimens show a 7% increase in failure load when comparing the specimen that 
where grit blasted, acid etched, and environmental conditioned to those that were just grit 
blasted and environmentally conditioned. 
These results suggest that chemical treatments can help promote long-term bond 
integrity for conditions where environmental conditions are a factor. 
X Env. Grit Blasted 
Room Temp. Grit Blasted 
2000 
A Env. Grit Blast with Acid Etch 
1000 
0 I I I I 
0.000 0.020 0.040 0.060 0.080 0.100 
Dirpbcement (inches) 
Figure 6 s  SIA Environmental Comparison of 0.100" Bondline Samples 
X Env. Grit Blasted 
Room Temp Grit Blasted 
A Env. Grit Blast with Acid Etch 
0.000 0.010 0.020 0.030 0.040 0.050 0.060 
Dioplacement (inches) 
Figure 66 - Loctite 9359.3 Environmental Comparison of 0.100'' Bondline Samples 
Table 20 - Apparent Shear Strength - Envi 
Aluminum 
Adhesive 
Adhesive 
Loctite 9359.4 
Grit Blast 
Loctite 9359.4 and 
Acid Etch 
Grit Blast k t -  
1 I ( Ave 1 6980 
Aluminum 
Surface 
Preparation 
Adhesive 
Adhesive 
Test # 
1 
2 
 onm mentally Conditioned 
I 
Failure Load 
~ ~ 7105 
6113 
Nominal Stress I Failure Mode 
AFWA 
1 544 AFWA 
1589 
Nominal Stress I Failure Mode I 
SFlC 
AFWA 
1366 I SFlC 
1745 
Aluminum 
Surface 
Preparation 
Grit Blast 
Test # Failure Load Nominal Stress I I Failure Mode I 
SFlC 
Table 21 - Environmental vs. Room Temperature Comparison 
3.5 Effects of Various Connection Geometries 
With the concentration of this study focusing on single lap tensile shear testing, it was 
desired to test the adhesives in other hybrid joint configurations. Double lap shear tensile 
testing and flexure testing was chosen. The purpose of the double lap shear tensile test is 
to study the adhesive while preventing rotation of the joint. This prevention of rotation at 
the joint would limit the peel stresses induced in the joint. FEA analysis shows that the 
reduction of peel stresses could be as much as 50% for a single lap compared to a double 
lap joint. This reduction in peel stressed would allow a more accurate determination of 
adhesive shear strength. Initially specimens were fabricated with double lap joints such 
that the centerline adherends where spaced approximately 5 inches apart to resemble the 
single lap joints. This resulted in premature failure at a reduced load. Loads achieved 
where not much greater than those experienced by single lap shear testing with twice the 
shear area available. Table 22 shows the loads that were achieved prior to failure for the 
long double lap shear specimens. Figure 67 shows a double lap shear specimen that was 
fabricated with centerline adherends spaced approximately five inches apart. 
Table 22 - Double Lap Shear Maximum Load 
Figure 67 - Double Lap Shear Specimen During Testing 
Even though FEA analysis showed little difference caused by changing the center 
adherend spacing, it was decided to reducing this spacing of the centerline adherends to 
approximately one half an inch. This reduction in spacing provided increased load 
transfer capability from the "long" double lap shear specimens. Figure 68 shows the 
testing of a double lap shear specimen that has a reduced gap between centerline 
adherends. 
Figure 68 - Double Lap Shear Specimen with Reduced Gap 
By reducing this gap between the centerline adherends, loads equivalent to, or greater 
than those experienced by the single lap shear where achieved. Table 23 shows the load 
achieved when testing the "short" double lap shear specimens. 
Table 23 - "Shortn Double Lap Shear Maximum Load 
Failure 
1 Lwtite l
Avera e 18951 
I I 1 1 13016 1 CFlA I 
SIA 
Averaae 1241 8 
Moment transfer of a joint is also of importance in determining adhesive properties. 
Because moment capacity for adhesives needs to be established, four point flexure tests 
where implemented. These tests were preliminary test in order to understand the 
requirements associated with this type of test. Test results can be found in Table 24. It 
should be noted that the test fixtures used for this test were designed by University of 
Maine personnel and manufactured by Alexander's Welding and Machine. Figure 69 
shows the flexure setup. 
Figure 69 - Flexure Fixture 
The results presented in Table 24 show that the Loctite 9359.3 adhesive with a sanded 
surface preparation achieved the highest load. 
Table 24 - Maximum Load Achieve in Flexure Testing 
4. Summary, Conclusions, and Recommendations 
Summarized here in is an experimental study of adhesives for use in naval 
applications. This study was accomplished by performing single lap shear tests of six 
different adhesives and three different surface preparations, as screening tests to compare 
relative performance of the adhesives studied. Adhesives were of the epoxy type and 
included Loctite 9359.3, Loctite 9430, Loctite 9394,3M 21 16, SIA E 21 19, and Belzona 
1 12 1. The surface preparations included: grit blasting, mechanical sanding, and acid etch 
with chromate conversion. Adherends consisted of Aluminum on one end and E-glass 
vinyl ester on the other. In addition, environmental testing was performed using Loctite 
9359.3 and SIA E 21 19 with surface treatments including grit blasted and grit blasted 
with acid etch. Some preliminary four point flexure tests and double lap shear tests were 
also accomplished. This study also included a linear finite element analysis of the single 
lap shear geometry as a first cut estimate of the stresses and deformations induced in the 
joint. 
One of the goals of this effort is to provide baseline mechanical property data that will 
guide adhesive selection for both the MACH and AHFID programs. Both of these 
programs have as one of their objects the development of composites for naval 
application. Specifically, in the MACH program the goal is to develop a hybrid structural 
system that will employ connections where composites and metals are joined together. 
The focus of the AHFID program is to develop a rim drive propulsor that uses all electric 
drive technology. The information developed in this study will be used as part of a 
feasibility assessment of using a composite strut to attach the rim drive propulsor to an 
aluminum-hulled vessel. Techniques used in this study for specimen manufacturing were 
prescribed so as to be practical and economical for shipyard application. 
Bondline thickness, surface preparation, and environmental conditions were varied in 
an effort to quantify the relative response on structural performance. In studying the 
relative response of the six different adhesives during the initial screening tests at room 
temperature a bondline of 0.100" was used. This phase 1 testing provided baseline data of 
the mechanical properties for each adhesive and for each surface preparation. From these 
initial tests, two adhesives (Loctite 9359.3 and SIA E 2 1 19) were selected for further 
study due to their higher relative nominal shear strength. Three different bondline 
thicknesses (0.060", 0.1 OW, 0.250"), two different surface preparations (grit blasted, grit 
blasted plus acid etching), and environmental exposure were studied for these two 
adhesive. 
Several conclusions were made £tom the initial screening test results. First, the Loctite 
9359.3 and the SIA E 2 1 19 adhesive systems provided the greatest nominal shear 
strength regardless of surface preparation, for a 0.100" bondline. For the Loctite 9359.3 
adhesive it appears that grit blasting results in higher nominal shear strength (2042 psi) 
than sanding or acid etching. For the SIA E 2 1 19 the highest nominal shear strength was 
achieved using an acid etch surface treatment (1 839 psi). Failure modes for the Loctite 
adhesive with a grit blasted surface preparation where substrate failures in the composite 
adherend. Indicating that improvement in composite architecture may results in higher 
joint strengths. Failure modes for the SIA adhesive with an acid etch surface preparation 
was also a composite failure. Two of the three specimens using the SIA adhesive and a 
grit blasted surface preparation failed cohesively. 
It was verified that as the adhesive bondline increases the apparent shear strength 
decreases. A 26% and a 30% reduction in nominal shear strength were observed in the 
Loctite and the SIA adhesives respectively as the bondline increased fiom 0.060" to 
0.250". The nominal shear strength of a given adhesive was found to be highly dependent 
on the combined shear, peel, and in plane stress state through the joint. As the bondline 
increases, the failure mode changes. At thinner bondlines the failure mode was 
predominately substrate failure in the composite for the Loctite and SIA adhesive where 
the composite adherends failed in the first ply due to delamination. The failure migrates 
fiom substrate failure toward adhesive failure as the bondline increases. Several 
specimens of the SIA adhesive were observed to fail cohesively at the intermediate 
bondline thickness. It was observed that the failure experienced with the Loctite 9359.3 
adhesive was always very drastic in nature. This was due to the ductility of the adhesive 
once cured. The SIA adhesive produced failures that progressed slowly over a noticeable 
amount of time. This allowed the failure to be observed in more detail and makes 
detection of an in-service failure more likely. 
The Loctite 9359.3 and SIA E 21 19 adhesives combined with grit blasted and grit 
blasted plus acid etch were tested to evaluate the effect of environmental conditions on 
adhesive properties relative to joint characteristics. In an attempt to improve the results in 
a moisture environment, a swface treatment of grit blasting with subsequent acid etching 
and chromate conversion treatment where tested. Specimens where created with 0.100" 
bondline. After allowing the specimens to cure for a minimum of 120hrs, they were 
subjected to environmental conditions of 98-99 % relative humidity and 150 deg. F for 
one month. Moisture absorption as measured by the specimen's weight gain approached 
an asymptotic value at the one-month period. When grit blasting alone was used a 
decrease in strength of 22% and 14% were observed when comparing room temperature 
grit blasted to environmental conditioned grit blasted specimens with the Loctite 9359.3 
and SIA E 2 119 respectively. Under hot wet conditions, the grit blast plus acid etch 
surface treatment resulted in an increase in strength of 9% and 7% for the Loctite and 
SIA adhesives, respectively, when compared to grit blasting alone. There was a shift in 
failure mode to predominately adhesive failures under environmental conditions. 
Although there were still several failures observed in the composite substrate. 
Due to the hybrid nature of the joint, consideration must be given to the effects of 
hygro-thermal response in different environments. The moisture in the environment 
causes absorption in the composite and adhesive that must be considered in the design of 
the joint. This study had a limited number of test articles. There is high variability in the 
nature of the response of the hybrid joints due to the materials used and the fabrication 
techniques. This study only touched on environmental effects relative to bond strength 
and bondline thickness. Control of temperature and humidity during specimen 
preparation and testing should be exercised in an effort to quantify their effects. 
Relative to the data acquired fiom this testing, lessons have been learned thereby 
generating recommendations for further studies. These recommendations are as follows: 
1 .  Improve composite quality used in tests to minimize substrate failure 
experienced. 
2. Retest SIA E 21 19 and Loctite 9359.3 using controlled temperature and 
humidity conditions during specimen fabrication and testing. 
3. Expand database by including Loctite 9430 as a third adhesive system. 
4. Expand study to include steel adherends. 
5. Look for practical "novel" surface treatments, which can be applied in a 
shipyard environment. 
6. Test adhesive systems under repetitive cyclic loading. 
7. Expand flexure and double lap shear testing. 
8. Perform tension testing on adhesive systems. 
Implementing these recommendations will provide a better understanding of the 
adhesives tested so that this information might be used in composite ship hybrid joint 
design. 
In an effort to support the AHFID and MACH program, it is the position of this author 
that the adhesive SIA E2 1 19 be utilized for installing the AHFID strut into the 
manufactured boot fixture, which will be mounted in the University of Maine reaction 
h m e  located in Boardman Hall. Grit blasted with acid etch surface preparation should be 
performed. For the MACH program, testing should be performed on actual joint 
geometry at room temperature and at high moisture and elevated temperature for the SIA 
E 21 19 and the Loctite 9430 adhesives. The Loctite 9430 should be considered due to its 
relative strength performance and low cost. 
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Appendix A 
Mechanical Testing of Epoxy Adhesives Test Results 
Figure A . l -  Lap Shear Testing Results 
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Figure A.1 - Continued 
Loctite 9394, Grit Bhst (.lOOn Bond line) 
Specimen #3 
x MTS Displacement 
r A~srage In Pbne Displacement 
A DAl 
DA2 
0.000 0.005 0.010 0.015 0.020 0.025 
Displacement (Inched 
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Figure A.l - Continued 
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Figure A.2 - Flexure Test Results 
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Figure A.2 - Continued 
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Figure A.2 - Continued 
SIA E2119 Flexure Test - Grit Blasted 
Sample 3 
0.400 
Displacement 
Figure A.2 - Continued 
SIA E2119 Flexure Test - Sanded 
Sample 1 
0.000 0.200 0.400 0.600 0.800 1.000 1.200 
Displacement 
SIA E2119 Flexure Test -Sanded 
Sample 2 
0.000 0.100 0.200 0.300 0.400 0.500 0.600 0.700 0.800 
Displacement 
Figure A.2 - Continued 
SIA E2119 Flexure Test -Sanded 
Sample 3 
0.000 0.100 0.200 0.300 0.400 0.500 0.600 0.700 
Displacement 
Figure A.3 - Environmental Test Results 
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Figure A.3 - Continued 
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Figure A.3 - Continued 
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Figure A.3 - Continued 
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Figure A.3 - Continued 
SLA E-2110, Grlt Bbsted +Acid Etch - Environment (.l 00' Bond Ihe) 
Speclmen t3 
SlA E-2110, Grit Blasted + M Etch -Environment (.1W9 Bond Une) 
Specimen U 
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Appendix B - Adhesive Workability 
Table B.l - Adhesive Potlife 
Scotchweld 1:15 PM 5:29 PM 254 
2216 
Date of Tn_l 
Biography of the Author 
Michael James Boone was born in Louisville, Kentucky, on March 15, 1968. He 
attended Sesser-Valier High School from 1984- 1986, After graduating for high school, 
Michael joined the Navy enrolling in the Naval Nuclear Power Program. Michael 
successfblly completed the Naval Nuclear Power program on 28 April 1990. Michael 
served in the Navy until August 1991. After discharge from the Navy, Michael went on 
to attend Maine Maritime Academy. He graduated with a Bachelor's degree in Power 
Engineering Technology in May 1995. In August 200, Michael enrolled at the University 
of Maine. Michael was accepted to Phi Kappa Phi honor society at the University of 
Maine in July 2002. Michael is a candidate for the Master of Science degree in 
Mechanical Engineering from The University of Maine in December 2002. 
